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ABSTRACT 


In  a  round-robin  ablation  study  monitored  by  Stanford  Research 
Institute  in  1964,  Teflon  and  high-density  phenolic-nylon  models  were 
evaluated  at  various  enthalpies  and  heating  rates  under  supersonic  condi¬ 
tions.  The  results  of  that  study,  published  in  NASA  Contractor  Report 
CR-379,  showed  that  the  best  description  of  the  test  environments  for 
twelve  different  plasma  arc*  heater  facilities  was  given  by  the  stagnation 
point  heating  rate,  and  pressure.  The  mass  loss  rates  from  all  facilities 
could  be  correlated  in  terms  of  these  parameters  with  a  standard  deviation 
of  approximately  11  percent  for  both  the  Teflon  and  pheno 1 i c - nylon  material 

The  second  phase  of  this  study,  described  in  this  report,  also  involved 
twelve  facilities,  most  of  them  the  same  as  in  the  first  phase.  The  same 
two  high-density  mater ials  ,\Tef Ion  and  pheno 1 i c - ny 1 on ,  were  evaluated  at 
stagnation  pressures  up  to  10  atmospheres  for  the  former  and  30  atmospheres 
for  the  latter.  The  effect  of  model  size  was  also  evaluated  using  both 
hemispherical  and  flat-faced  Teflon  models^aving  effective  radii  varying 
from  one-quarter  to  four  times  the  radius  used  previously.  The  mass  loss 
rates  again  correlated  with  the  results  from  the  earlier  study,  except 
that  high-density  pheno 1 ic - nyl on  models  showed  a  rapid  increase  in  ablation 
above  a  stagnation  pressure  of  about  2.5  atmospheres.  These  higher  rates 
were  also  correlated,  and  found  to  agree,  with  literature  data  for  this 
same  pressure  regime. 

/  Fi  ve  new  low-density  materials — Langley  phenolic -nylon ,  Hughes 
phenoli c - nylon ,  Avcoat  epoxy - nov al ac - f i 1 led  honeycomb,  Langley  silicone 
elastomer,  and  General  Electric  silicone  elastomer — were  also  studied 
— 4-n _ t.^h-e---&-eee'«-d— at  enthalpies  from  2500  to  34,000  Btu/lb  and  stagna¬ 

tion  pressures  from  0.004  to  2  atmospheres.  Mass  loss  rates,  front 
surface,  and  internal  temperatures  were  measured  for  these  ma^er  i  al  s 

Mass  loss  rate  correlations  similar  to  those  developed  in  the  first 
phase  of  the  study  were  satisfactory  except  for  the  silicone  materials, 
which  may  suggest  that  the  ablation  mechanism  varies  for  these  in  the 
range  of  conditions  studied.  Dimensional  analysis  was  used  to  develop 
new  correlations  for  interrelating  front  surface,  internal  temperature 
rise,  and  test  environment.  The  resulting  relations  show  that  data  from 
the  various  facilities  could  be  satisfactorily  compared. 
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I  INTRODUCTION 


The  Office  of  Research  Grants  and  Contracts,  National  Aeronautics  and 
Space  Administration,  (NASA),  in  1963  asked  Stanford  Research  Institute  to 
act  as  a  program  manager  on  a  round-robin  test  study  to  determine  whether 
ablation  tests  of  representative  materials  at  different  plasma  arc  heater 
facilities  would  yield  self-consistent  results. 

This  work  involved  definition  of  the  extent  to  which  realistic  en-  . 
vironmental  conditions  are  simulated  by  such  devices;  conduction  of  com¬ 
parative  ablation  tests  on  standardized  materials  at  selected  organizations 
possessing  suitable  equipment;  provision  of  the  specialized  instrumentation 
and  test  models  required;  and  correlation  of  test  results  with  analyses  to 
determine  the  feasibility  of  developing  a  standardized  method. 

The  twelve  participating  organizations,  five  government  and  seven  ^  ^ 

industrial,  tested  over  170  models  and,  in  addition,  performed  numerous 
calibration  experiments.  The  resulting  data,  published  in  NASA  Contractor 
Report  CR-379,^  showed  that 

1.  A  procedure  for  comparing  ablation  test  results  (on  a  given 
material)  at  each  supersonic  plasma  arc  heater  facility  is 

feasible  through  use  of  a  standard  mass  loss  rate,  heating  rate 
(or  calculated  enthalpy),  and  stagnation  pressure  correlation. 

2.  The  applicability  of  the  procedure  outside  the  range  of  materials, 
model  sizes,  and  arc  heater  operating  conditions  studied  in  the 
program  needed  further  investigation. 

The  program  was  subsequently  extended  to  assess  the  validity  of  the 
findings  of  the  Phase  I  study  and  to  determine  their  generality  by  provid¬ 
ing  a  more  detailed  comparison  of  results  over  a  wider  range  of  ablation 
variables.  This  involved  the  study  of  more  severe  test  conditions,  changes  - 
in  model  geometry,  new  low-density  materials,  and  more  extensive  measure- 
menfs  on  the  ablating  models.  Thus,  the  Phase  II  research,  which  was  also 
to  involve  a  round  robin,  fell  naturally  into  four  major  categories — facility 
parameters,  model  parameters,  measurements,  and  analysis  of  results.  More 
specifically,  the  following  studies  were  to  be  considered: 
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1.  Facility  Parameters 

a.  Higher  stagnation  pressures 

b.  Uniformity  of  plasma  stream 

2.  Model  Parameters 

a.  Geometry 

b.  New  materials 

3.  Measurements 

a.  Front  surface  temperature 

b.  Internal  temperature  rise 

c.  Mass  and  length  changes 

d.  Char  behavior 

4.  Analysis  of  Results 

a.  Comparison  of  measurement  techniques 

b.  Correlation  of  data 
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1 1  SUMMARY 


The  ablation  conditions  studied  in  Phase  I  with  the  high-density 
Teflon  (T)*  and  pheno 1 i c - ny 1  on  (P)  materials  were  extended  to  higher 
stagnation  pressures  and  to  models  of  different  shapes  and  dimensions. 

In  addition,  five  new  low-density  materials  were  evaluated  during  Phase  II 
of  the  round  robin,  and  more  extensive  front  surface  and  internal  tempera¬ 
ture  measurements  were  made  with  the  models.  The  new  materials  were 


•  Langley  phenolic  nylon  (PLL),  density  =  35.5  Ib/ft^ 

•  Hughes  phenolic-  nylon  (PLH),  density  =  35.7  Ib/ft^ 

•  Avcoat  ep oxy - n o V al a c - f 1 1 1 ed  honeycomb  (A) ,  density  -  31  Ib/ft 

•  Langley  silicone  elastomer  (SP),  density  =  33.5  Ib/ft  ^ 

•  General  Electric  silicone  elastomer  (SG),  density  =  36.8  Ib/ft^ 

Insofar  as  possible  the  same  test  facilities  were  used  in  the  new 
program.  Several  new  organizations  were  added  to  replace  those  which  could 
not  be  used  and  to  provide  capabilities  at  higher  test  pressures  or  larger 
model  dimensions.  The  twelve  p art i c ipan t s ,  si x  government  and  six  indus¬ 
trial,  finally  chosen  were 

1.  Gas  Dynamics  Branch,  Ames  Research  Center  NASA^ 

2.  Magneto  Plasma  Dynamics  Branch,  Ames  Research  Center — NASA 

3.  Applied  Materials  and  Physics  Division,  Langley  Research  Center — 
NASA  + 

4.  Entry  Structures  Branch,  Langley  Research  Center  NASA 

5.  Manned  Spacecraft  Center,  Subsonic  Facility— NASAl 

6.  Manned  Spacecraft  Center,  Supersonic  Facility — NASA 

7.  Aerotherm  Corporation 

8.  AVCO  Corporation^ 

9.  Giannini  Scientific  Corporation 

10.  Martin  Company^ 


SRI  designated  code  for  these  materials. 
Participant  in  Phase  I  round  robin 
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11.  Space  General  Corporation 

12.  Cornell  Aeronautical  Laboratory,  Inc. 

Calorimeters  and  ablation  models,  some  instrumented  with  internal 
thermocouples,  were  supplied  to  each  participant  for  use  in  the  round- 
robin  test  program.  Radiometers  were  also  supplied  for  determining  front 
surface  temperature.  In  addition  to  model  and  calibration  runs,  each 
facility  was  asked  to  make  a  heating  rate  and  stagnation  pressure  traverse 
of  the  plasma  stream.  The  results  showed  that  all  the  test  facilities 
exhibited  some  nonuniformity  of  the  stream,  with  “coring"’  occurring  in 
several  cases.  However,  the  degree  of  uniformity  in  the  region  of  the  model 
was  satisfactory  in  most  cases. 

The  SRI  and  facility  calorimeters  when  compared  in  the  test  environ¬ 
ment  had  a  standard  deviation  of  12  percent,  which  is  slightly  better  than 
that  found  in  the  Phase  I  round  robin.  As  in  the  earlier  study,  it  was 
observed  that  when  the  plasma  flow  through  the  supersonic  nozzle  is  far 
removed  from  equilibrium,  such  as  with  high  expansion  ratios  or  very  low 
test  pressures,  surface  catalytic  effects  on  the  calorimeter  will  influence 
the  measured  heating  rate. 

Comparison  of  the  measured  enthalpy  to  that  calculated  from  the  heating 
rate  and  stagnation  pressure,  through  the  Fay-Riddell  relation,  was  not 
satisfactory.  As  in  the  Phase  I  study,  those  facilities  having  quite 
uniform  stream  traverses  showed  good  agreement  between  the  two  values, 
indicating  that  in  those  cases  the  center-line  enthalpy  is  probably  close 
to  the  average  enthalpy  by  the  energy  balance  method.  Stream  enthalpy  is 
a  most  important  variable  in  material  ablation  studies,  yet  it  is  the  most 
difficult  to  measure  accurately. 

The  primary  measurements  made  on  the  models  were  weight  loss,  reces¬ 
sion,  char  depth,  char  density,  front  surface  temperature,  and  internal 
temperature.  These  data,  along  with  heating  rate,  stagnation  pressure, 
and  enthalpy,  were  the  inputs  for  correlation  of  the  data. 


Initial  interpretation  involved  further  evaluation  of  the  data  from 
the  Phase  I  round  robin.  Dimensional  analysis  suggested  the  following 
dimensionless  relation,  involving  groups  proportional  to  mass  loss  rate, 

and  also  containing 


m^,  heating  rate,  q^^,  and  stagnation  pressure,  P 


the  effective  radius  of  the  model,  R 
position,  -^Hj^ ,  for  each  material: 


e  f  f 


and  the  overall  heat  of  decom 
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In  the  absence  of  a  means  to  determine  AH^  independently,  the  dimen¬ 
sionless  correlation  was  expanded  into  a  dimensional  form  similar  to  those 
described  in  the  Phase  I  report  (NASA  Report  No.  CR-379),  namely, 

A  considerable  amount  of  supersonic  arc-jet  test  data  on  Teflon  and 
high-density  phenolic-nylon  materials  is  available  in  the  literature. 
Inclusion  of  these  data  for  leflon,  along  with  the  Phase  I  round- robin 
results,  leads,  by  regression  analysis,  to  the  following  values  of  b,  n, 
and  m; 


with  a  standard  deviation  of  10  percent.  for  high-density  phenol i c - nyl on , 
the  re  1 ati on  i s 

(m^)p  =  0.0010(R^„)-'>-22(q^^^)0-55(p^^)0.13 

with  a  standard  deviation  of  10  percent. 

The  results  of  the  Phase  II,  high  stagnation  pressure  experiments 
were  interpreted  in  terms  of  the  above  dimensional  correlations.  The 
Teflon  data  were  found  to  fit  the  relation  up  to  the  highest  pressure  used, 
33  atm.  On  the  other  hand,  at  stagnation  pressures  above  2.7  atm,  the 
high-density  phenolic-nylon  data  showed  higher  mass  loss  rates  than  pre¬ 
dicted  by  the  above  relation.  These  phenoli c -ny Ion  data,  plus  literature 
data  obtained  under  similar  conditions,  fit  a  second  correlation: 

(m,)p  =  0.0010(t/2116)  " ^ ^ ^ ( R^ ^ ^ ^ ^ 2 (  ) O  .  5 5 ( ^ ) O .  l 3 ^ O ,  7 5 

where  t  is  the  mechanical  stress,  in  pounds  force  per  square  foot,  at  which 
failure  of  the  char  occurs.  This  relation,  derived  by  dimensional  analysis, 
permits  determination  of  r  from  the  intercept  of  the  new  correlation  line. 
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The  stress  of  the  char  at  failure  was  found  to  be  5610  lb  force/ft.^ 

This  assumption  of  char  failure  appears  valid  since  the  high-density 
phenolic-nylon  models  showed  almost  no  char  after  exposure  to  the  high 
stagnation  pressure  environments  and  thus  had  reduced  thermal  protection. 

A  limited  number  of  studies  were  per  formed  using  variable  radi i  model s  and 
calorimeters.  The  heat  transfer  data  showed  the  proper  inver se  relationship 
with  square  root  of  calorimeter  shroud  radii.  The  mass  lo s s dat a  al  so  showed 
the  proper  effect  of  radius  but  exhibi ted  greater  scatter  than  for  the  standard 
models.  Plasma  co ring  and  stream  blockage  may  be p ar t i al 1 y  responsible. 

The  low-density  materials  ablated  somewhat  differently  in  terms  of 
char  appearance.  With  the  low-density  phenol i c -ny 1  on  materials  the  char 
was  cracked  with  a  columnar  structure  oriented  parallel  to  the  direction 
of  ablation.  The  silicone  chars  had  two  types  of  appearance.  At  low 
heat  fluxes,  they  were  black,  but  at  higher  heating  rates  the  surface 
showed  a  grey,  fused,  inorganic  coating,  apparently  due  to  the  formation 
o-  Si02.  The  Avcoat  chars  usually  had  a  depression  in  the  honeycomb  filler 
material,  with  the  web  being  slightly  raised  and  with  fused  droplets  of 
inorganic  material  at  the  model  periphery. 

The  properties  and  composition  of  these  chars  are  less  reproducible 
than  those  of  the  high-density  materials.  This  is  also  true  of  the 
appearance  and  dimensions  of  the  charred  core,  the  latter  being  difficult 
to  me  a  su  re . 

The  mass  loss  rate  data  for  the  five  low-density  materials  all  showed 
the  same  form  of  correlation  as  for  the  high-density  materials,  namely, 

■"t  =  )"(?  )"" 

SRI  2 

The  effective  radius  term  has  been  combined  with  b  in  this  case  and 
replaced  by  “a”  since  no  planned  studies  of  these  materials  were  made 
with  varying  radii  models.  The  values  of  the  constants  are 

PERCENT 


MATERIAL 

a 

n 

m 

STANDARD 

DEVIATION 

PLL 

0.0047 

0.36 

0.26 

15 

PLH 

0.0039 

0.36 

0.19 

14 

A 

0.0036 

0.47 

0.33 

16 

SP 

0.00032 

0.81 

0.19 

24 

SG 

0.00019 

1.03 

0.28 

36 
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Note  that  the  standard  deviation  is  higher  than  that  found  for  the  high- 
density  materials  in  the  Phase  I  round  robin  owing  to  the  more  difficult 
char  measurements.  The  correlations  for  the  silicone  materials  are  partic¬ 
ularly  poor,  suggesting  that  the  mechanisms  of  ablation  may  vary  in  the 
range  of  conditions  studied.  Therefore,  less  credence  should  be  given  to 
the  correlation  constants  found  for  these  latter  materials.  Attempts  to 
correlate  mass  loss  rates  with  other  variables  were  no  more  successful. 

Front  surface  temperature,  as  measured  with  facility  optical  pyrom¬ 
eters,  correlated  well  with  pyrolysis  rate  and  stagnation  pressure,  thus 

T_  =  a(P^  )''(m  )* 

r  o  t  2  p 

The  values  of  the  constants  are 


PERCENT 

STANDARD 


MATERI AL 

a 

V 

w 

DEVIATION 

PLL 

10,980 

0.031 

0.21 

5 

PLH 

10,710 

0.044 

0.20 

6 

A 

10,040 

0.039 

0.18 

6 

SP 

7,660 

0.012 

0,16 

4 

SG 

5,210 

0.028 

0.072 

5 

This  relation  was  derived  by  dimensional  analysis  and  then  expanded  into 
the  above  form. 

The  internal  temperature  profiles  were  correlated  in  terms  of  heating 
rate  and  stagnation  pressure  by  adding  the  position  and  time  at  which 
a  given  temperature  rise  occurs.  The  correlation  is 

x  ■  .(P,  )‘(q3„)-(t)<’(AT)- 

^  cw 

The  values  of  the  constants  are 


MATERIAL 

a 

b 

c 

d 

e 

PERCENT 

STANDARD 

DEVIATION 

PLL 

0.034 

0.053 

0.30 

0.63 

-0.28 

13 

PLH 

0.056 

0.035 

0.15 

0.58 

-0.24 

9 

A 

0.037 

0.018 

0.27 

0.60 

-0.26 

14 

SP 

0.072 

0.022 

0.18 

0.52 

-0.30 

12 

SG 

0.12 

0.031 

0.098 

0.54 

-0.28 
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This  relation  compares  with  analogous  relations  and  with  the  results  in 
the  literature.  A  markedly  improved  correlation  is  obtained  when  only 
the  250°F  temperature  rise  isotherm  is  considered.  The  relation  in  this 
case  is 


=  a(P  )b(cr  )c(t  )d 
C  W 

and  the  constants  are 


PERCENT 

STANDARD 


MATERIAL 

a 

b 

c 

d 

DEVIATION 

PLL 

0.014 

0.083 

0.18 

0.61 

8 

PLH 

0.017 

0.079 

0.14 

0.60 

5 

A 

0.023 

0.105 

0.15 

0.62 

6 

SP 

0.0082 

0.016 

0.26 

0.54 

9 

SG 

0.033 

0.065 

0.046 

0.55 

2 

Both  of  the  temperature  rise  correlations  were  derived  by  dimensional 
an  al  y  si  s . 

The  data  obtained  for  the  low-density  materials  can  be  used  to 
compare  their  ablation  performance.  For  environments  leading  to  low 
front  surface  temperatures,  the  silicone  materials  show  the  lowest  mass 
loss  rates.  However,  at  high  front  surface  temperatures,  the  silicones 
perform  much  more  poorly  than  the  low-density  phenolic-nylon  materials. 
This  marked  difference  undoubtedly  relates  to  the  chemical  reactions  in¬ 
volving  silicon,  oxygen,  and  carbon.  Below  the  melting  point  of  silica, 
the  surface  is  protected  by  this  material  and  some  silicon  carbide. 

Above  the  melting  point,  however,  the  silica  reacts  with  carbon  to  form 
carbon  monoxide  and  silicon  monoxide  which  are  rapidly  lost  as  vapor.s. 
This  change  in  ablation  mechanism  undoubtedly  causes  the  difficulties  in 
correlating  the  silicone  mass  loss  data.  The  internal  temperature  rises 
show  that  the  best  insulator,  on  both  a  volume  and  a  weight  basis,  is  the 
Langley  low-density  phenol i c -nylon . 
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Ill  EXPERIMENTAL  PROGRAM 


The  Phase  II  round-robin  study  was  organized  and  undertaken  in  a 
very  similar  manner  to  the  Phase  I  program.  The  following  sections  de¬ 
scribe  the  study  in  more  detail. 

A.  Scope  and  Participants 

The  test  environments,  model  responses,  and  ablation  materials  to  be 
studied  are  outlined  in  the  scope.  Choice  of  the  organizations  to  partic¬ 
ipate  in  the  round  robin  were  based  on  somewhat  similar  criteria  to  those 
used  in  the  earlier  study. 

1.  Scope  of  Program 

Representatives  of  the  Ames  Research  Center,  Langley  Research  Center, 
Manned  Spacecraft  Center,  Jet  Propul s i on  Laboratory,  Advanced  Research  Pro¬ 
grams  Of  fi  ce  of  NASA,  and  Stanford  Research  Insti tute  met  ear 1 y  in  the  Phase  II 
program  to  determine  the  test  conditions,  model  dimensions,  andmaterials  to  be 
evaluated.  It  was  agreed  that  three  separate  areas  should  be  studied  in  the 
new  program,  as  follows: 

1.  Extension  of  previous  test  conditions 

2.  Variation  from  previous  model  dimensions 

3.  Addition  of  new  low-density  materials 

In  the  first  area,  the  major  interest  was  in  increased  stagnation 
pressures.  In  order  to  minimize  changes  in  other  variables,  model  dimen¬ 
sions  were  kept  the  same  as  in  Phase  I,  and  the  same  materials  were  used 
for  the  study,  namely, 

•  Teflon,  type  TFE  7,  white  variety,  density  =  135.6  Ib/ft^ 

•  Phenol ic- nylon  (50-50%),  density  =  74.3  Ib/ft^ 

The  second  area  involved  changes  in  effective  diameter,  and  both 
larger  and  smaller  models  than  used  previously  were  considered.  Test 
conditions  were  kept  the  same  as  in  Phase  I,  and  Teflon  was  used  as  one 
of  the  materials.  However,  because  of  an  insufficient  quantity  of 
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high -density  phenolic-nylon  polymer  from  the  previous  program,  a  low- 
density  version  was  used  instead,  namely, 

•  Low-density  phenol i c- nylon  (Hughes  5),  density  =  35.7  Ib/ft^ 

The  major  purpose  of  the  third  area  of  the  program  was  to  compare 
:ertain  low-density,  charring  ablators.  For  this  reason,  test  conditions 
and  model  dimensions  were  kept  the  same  as  in  Phase  I,  but  more  extensive 
neasurements  were  taken  on  the  models.  In  addition  to  the  Hughes  low-density 
ahenoli c- nylon  (noted  above),  the  new  materials  involved  were 

•  Low-density  phenolic -nylon  (Langley  Scout  R/4B) 
density  =  35.5  Ib/ft^ 

•  Epoxy - nov al ac - f i 1 1 ed  honeycomb  (Avcoat  5026-39  HC/G) 
density  =  31  Ib/ft^ 

•  Silicone  elastomer  (Langley  Modified  Purple  Blend  E4A1 ) 
density  =  33.5  Ib/ft^ 

•  Silicone  elastomer  (G.E.  ESM  1004AP),  density  =  36.8  Ib/ft^. 

Phase  II  of  the  round  robin  thus  consisted  o f  the  exposu re  o f the  above 
lodels  under  the  appropri ate  condi tions  at  various  arc-heated  p I  a sma j  et  f aci I - 
-ties.  The  participants  supplied  information  about  test  conditions  and  the 
[nstitute  measured  thephysical  and  chemical  changes  in  the  models. 

2.  Selection  of  Participating  Organizations 

Several  factors  governed  the  selection  of  supersonic  testing  facilities  to 
)arti ci p ate  in  the  new  round -robin  program.  These  were:  (1)  that  the  test  models 
'ould  be  accomodated  in  the  plasma  stream,  (2)  that  the  facility  operate  in  the 
'angeof  test  condi  ti  on  s  desired,  and  (3)  that  insofar  as  possible  the  facilities 
ised  were  either  p ar t i ci p an t s  in  th e  Phase  I  round  robin  or  would  bring  anew 
capability  to  the  study. 

All  twelve  of  the  organizations  used  in  the  Phase  I  round  robin  were 
contacted  and  asked  to  indicate  their  interest  in  further  work.  Lack  of 
facility  time  or  high  preliminary  cost  estimates  eliminated  five  of  the 
cwelve.  Other  organizations  were  then  contacted  and  their  facilities 
issessed,  using  the  criteria  mentioned  in  the  Phase  I  report.  Inspection 
:rips  were  made  to  the  new  facilities. 
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Of  particular  interest  was  the  ability  of  supersonic  plasma  arc  jets 
to  test  models  as  large  as  5  inches  in  diameter  or  at  stagnation  pressures 
up  to  30  atm.  These  facilities  would  be  used  to  extend  the  Phase  I  studies 
on  Teflon  and  high-density  phenoli c -nylon  materials. 

As  in  the  Phase  I  round  robin,  availability  of  funds  determined  the 
number  of  commercial  participants.  Two  of  these  had  high  stagnation 
pressure  capabilities  ( AVCO  Corporation  and  Cornell  Aeronautical  Labora¬ 
tory),  and  one  had  a  capability  for  testing  large  models  (Martin  Company). 
After  including  these  organizations  in  the  program,  the  remaining  funds 
permitted  the  selection  of  four  participants  for  the  studies  on  the 
ablation  of  low-density  materials,  namely 

•  Aerotherm  Corporation 

•  Giannini  Scientific  Corporation 

•  Martin  Company 

•  Space  General  Corporation 

Three  of  the  commercial  organizations  had  participated  in  the  Phase  I 
round  robin:  Giannini,  Martin,  and  AVCO. 

Five  government  organizations  also  agreed  to  participate  in  the 
studies  on  the  ablation  of  low-density  materials,  namely, 

•  Gas  Dynamics  Branch,  Ames  Research  Center— NASA 

•  Magneto  Plasma  Dynamics  Branch,  Ames  Research  Center  — 

NASA 

•  Applied  Materials  and  Physics  Division,  Langley 
Research  Center — NASA 

•  Entry  Structures  Branch,  Langley  Research  Center — NASA 

•  Manned  Spacecraft  Center - NASA 

The  last  of  these.  Manned  Spacecraft  Center,  has  a  subsonic  facility  which 
was  included  to  provide  a  comparison  with  supersonic  facility  results. 

The  Entry  Structures  Branch  had  a  higher  enthalpy  facility  under 
construction  and  had  planned  to  use  it  as  well  as  the  low  enthalpy  arc 
jet  used  in  the  Phase  I  round  robin.  Delay  in  completing  the  new  facility 
prevented  the  performance  of  any  tests  on  it.  The  Applied  Materials  and 
Physics  Division  also  had  a  capability  for  testing  large  models  and  there¬ 
fore  participated  in  that  portion  of  the  program. 
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B.  Models  and  I  ns t rument  ati on 


Approximately  thirty  ablation  models,  one  calorimeter,  and  one  total 
radiation  pyrometer  were  furnished  by  SRI  to  each  participant.  Each 
facility  also  provided  instrumentation  to  monitor  the  test  environments. 

1 .  Mode  1 s 

In  general,  the  models  had  the  same  configuration  as  in  the  earlier 
study.  The  new  materials  introduced  additional  fabrication  problems  and 
the  need  for  thermocouple  instrumentation. 

a .  Fabri c  ati on 

The  ablation  models  used  in  the  second  NASA  round  robin  were 
machined  from  the  materials  listed  in  Table  I. 

The  Langley  low-density  phenoli c -ny 1  on  was  supplied  as  two  12-in.- 
diameter  x  4-in.-  thick  billets,  and  the  Hughes  phenolic-nylon  was  furnished 
in  the  form  of  five  12- in . - di ameter  x  1 . 5  -  in . - thi ck  pieces.  One-quarter 
inch  of  material  was  discarded  from  the  periphery  of  all  low-density 
phenolic-nylon  billets  to  ensure  uniform  models. 

The  Avcoat  material  was  supplied  as  two  12  x  12  x  2-in.  sheets, 
and  model  cores  of  this  material  were  cut  with  a  single  honeycomb  centered 
in  the  core  face.  The  Avcoat  and  low-density  phenolic-nylon  materials  were 
fabricated  with  high-speed  cutting  techniques. 

The  Modified  Purple  Blend  models  were  machined  approximately  ten 
percent  oversize  from  a  1 6- in . - di ameter  x  4-in.  billet,  and  then  cured  at 
100°C  for  four  hours.  The  heat-up  rate  before  the  start  of  cure  was  150°C 
per  hour,  and  the  cool-down  rate  after  cure  was  75°C  per  hour.  After  cure, 
the  models  were  machined  to  size  by  high-speed  cutting  and  grinding. 

The  General  Electric  silicone  material  was  supplied  in  the  form 
of  two  24  X  24  X  1-in.  sheets.  Models  of  this  material  were  fabricated  by 
rough,  high-speed  cutting  followed  by  high-speed  grinding. 

The  1.25-in. -diameter  Teflon  and  high-density  phenolic-nylon 
models  were  fabricated  from  the  same  material  used  in  the  Phase  I  round- 
robin  tests,  as  described  in  the  report  on  that  study.  ^  The  1 arge- di ameter 
Teflon  models  were  prepared  from  the  identical  grade  of  material  provided 
by  the  same  supplier  used  in  the  first  round  robin. 
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ABLATION  MATERIALS  EVALUATED 


tter  symbols  will  be  used  hereafter  in  text,  tables,  figures,  and  appendices  to  denote  the  materials  investigated- 


All  models  were  constructed  with  removable  cores  to  simulate 


one-dimensional  heat  flow  to  the  model  stagnation  region.  Since  the 
low-density  materials  being  evaluated  were  porous  in  structure,  the  back 
face  of  the  core  and  the  inside  surface  of  the  shroud  were  coated  with  a 


thin  layer  of  RTV  silicon 
material.  This  simulates 
core  diameter  was  one  half 


to  prevent  hot  gas  from  passing  through  the 
having  the  material  bonded  to  a  substrate, 
of  the  total  model  diameter  for  all  sizes. 


The 


b.  Thermocouple  Instrumentation 

The  cores  of  approximately  sixty  models  were  instrumented  with 
four  36-gauge  Chromel - Alurael  thermocouples  spaced  at  0.1-in.  intervals 
back  from  the  model  front  surface.  The  thermocouples  were  formed  with  a 
Dynatec  thermocouple  welder. 

In  the  case  of  the  two  elastomeric  materials,  the  thermocouples 
were  inserted  into  the  model  cores  with  a  hypodermic  needle  using  a  posi¬ 
tioning  Jig.  The  low-density  phenolic-nylon  and  Avcoat  cores  were  instru 
mented  by  drilling  0 . 007  -  in . - di ame t er  longitudinal  holes  and  drawing  in 
the  thermocouples.  After  assembly,  the  instrumented  models  were  X-rayed 
at  90°  planes,  and  the  thermocouple  positions  measured  on  the  X-ray  films 
with  a  Telereadex  viewer. 


Sketches  of  the  instrumented  and  uninstrumented  models  are  shown 


in  Fig.  1.  The  assembled  1.25-in. 
shipping  containers,  are  shown  in 
low-density  phenoli c- nylon  models 


-diameter  models,  with  their  plastic 
Fig.  2.  The  uninstrumented  Teflon  and 
with  diameters  ranging  from  a  1-in. 


hemisphere  to  5  inches  flat  face  are  shown  in  Fig.  3 


2 .  Instrumentation 

Two  instruments,  a  calorimeter  and  a  radiometer,  were  supplied  by 
SRI  for  use  in  the  experiments.  All  other  insfrumentation  at  the  test 
facility  was  made  available  by  the  participating  organization. 

a .  SRI  Calorimeter 

The  SRI  calorimeter  supplied  to  each  facility  was  identical  in 
dimensions  and  shape  to  the  calorimeter  used  during  the  Phase  I  round 
robin.  The  calorimeter  was  a  transient,  slug  type  based  on  a  design  de¬ 
veloped  at  Ames  Research  Center,  NASA.  The  slug  was  oxygen-free  copper 
with  a  0.5  mil-thick  nickel  plating  on  the  front  face.  The  slug  was 
isolated  from  the  copper  shroud  by  three  sapphire  bearings,  as  shown  in 
Fig.  4.  The  slug  diameter  was  0.625  in.,  which  was  equal  to  the  sample 
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ALL  DIMENSIONS  IN  INCHES 


FIG.  1  DIMENSIONS  OF  MODELS 


core  diameter  in  the  1 . 25 - i n . - di ame ter  models.  The  average  slug  temper¬ 
ature  was  sensed  by  two  parallel,  36-gauge  Ch romel - Alumel  thermocouples 
peened  into  holes  in  the  slug  base. 

The  weight  of  each  slug  in  pounds  was  stamped  on  the  calorimeter 
base,  and  each  facility  was  provided  with  a  graph  of  the  slug  specific 
heat  versus  temperature.  The  heat  flux  was  calculated  by  the  facility, 
using  the  following  relationship: 


wh  ere 


^SRI 

CW 


AT 

A  At 


(1) 


=  heat  transfer  rate,  (cold  wall),  SRI  calorimeter- 


Btu/ f t 


=  mass  of  the  calorimeter  slug — lb 
=  calorimeter  sensing  area — 0.00213  ft^ 


^pAV  “  temperature  averaged  heat  capacity  of  copper — Btu/lb°F 

at 

-  slug  temperature  rise  rate — ®F/sec 

At 

b  •  SRI  Radi  orne te  r 

In  an  effort  to  minimize  the  scatter  in  front  surface  temperature 
data  that  was  observed  in  the  Phase  I  round  robin  when  each  facility  had 
Its  own  special  pyrometer,  each  facility  was  provided  with  an  identical 
reference  pyrometer  for  measuring  the  front  surface  temperature  of  the 
model.  The  selection  of  this  pyrometer  was  governed  by  the  necessity  for 
a  moderate  cost,  durable  instrument;  and  a  radiometer,  or  total  radiation- 
type  pyrometer,  was  chosen  as  best  satisfying  these  requirements.  The 
instrument  selected,  which  will  later  be  referred  to  as  the  SRI  radiometer, 
was  a  Honeywell  Radiamatic  Detector,  Model  R12 -354546- 7.  This  instrument 
had  a  fused  silica  lens  and  viewed  the  total  radiation  over  the  range  of 
wavelengths  from  0.3  to  3.9  microns.  The  instrument  required  a  0.5-in,_ 
diameter  target  with  a  24-in.  sighting  distance  to  the  target;  it  required 
a  larger  size  target  for  greater  sighting  distances. 

The  millivolt  output  of  the  SRI  radiometers  was  calibrated  over 
a  range  of  temperatures  from  2000  to  4600^^  by  viewing  an  inductively 
heated  graphite  black  body.  The  black  body  cavity  was  1.5  in.  internal 
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diameter  x  2.0  in.  height,  with  an  0 . 7 5- in- di ame t er  top  viewing  port.  The 
viewed  bottom  of  the  cavity  was  covered  with  a  layer  of  lamp  black.  The 
entire  graphite  block  was  surrounded  by  two  molybdenum  radiation  shields 
and  an  argon-filled  chamber  with  the  glass  viewing  port  removed.  The 
cavity  temperature  was  monitored  with  a  Micro  Optical  Pyrometer  No.  95 
and  a  Leeds -No rth rup  optical  pyrometer.  Each  facility  was  provided  with 
plots  of  the  radiometer  output  versus  temperature  plus  instructions  for 
mounting  the  radiometer. 

c.  Facility  Instruments 

The  equipment  and  instruments  that  were  used  by  each  facility 
for  the  Phase  II  round-robin  ablation  tests  are  summarized  in  Appendix  A. 
This  information  was  based  on  data  collected  at  the  time  the  model  tests 
were  witnessed.  A  detailed  description  of  each  facility  is  beyond  the 
scope  of  this  report,  and  the  information  contained  in  Appendix  A  is  in¬ 
tended  only  as  a  brief  summary  of  this  equipment. 

C.  Experimental  Procedures 

Each  participating  facility  received  a  run  plan,  specifying  three 
tunnel  test  conditions  and  the  test  run  times.  Tunnel  test  conditions 
were  selected  that  would  be  within  the  capability  envelope  for  each 
facility  and  at  the  same  time  provide  testing  of  the  ablation  materials 
over  the  widest  range  of  conditions.  The  tunnel  conditions  specified 
were  enthalpy,  heating  rate,  and  stagnation  pressure.  The  range  of  test 
parameters  and  the  number  of  models  involved  in  the  Phase  II  round  robin 
are  given  in  Table  II. 

Three  models  were  tested  at  varying  run  times  at  the  tunnel  condi¬ 
tion  giving  the  lowest  heating  rate.  The  run  times  were  set  to  give 
total  heat  loads  of  1500,  3000,  and  5000  Btu/ft^.  Two  of  the 

three  models  were  uninstrumented,  and  the  remaining  model  was  instrumented 
with  four  thermocouples.  The  instrumented  model  was  usually  run  at  the 
highest  heat  load  condition. 

The  two  uninstrumented  models  were  tested  at  varying  run  times  for 
each  of  the  other  two  tunnel  conditions.  The  total  heat  loads  for  these 
conditions  were  2000  and  5000  Btu/ft^. 
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TEST  PARAMETERS  FOR  NASA  ROUND- HC)[3IN  ABLATION  PROGRAM 


TUNNEL  CONDITIONS 

Enthalpy  Range  (Btu/lb) 

Heating  Rate  Range  (Btu/ft^  sec) 

Model  Stagnation  Pressure  Range 
( atm) 

Model  Rg££  (ft) 

NUMBER  TESTED 

Langley  P-N  Scout  R/4B 
Hughes  P-N  H-5 
Avcoat  5026-39  HC/G 
Modified  Purple  Blend  E4A1 
G.E.  Silicone  ESM1004AP 
Teflon 

High-Density  Phenolic-Nylon 


PHASE  II  -  ROUND 

ROBIN 

DENSITY 

Ib/Ft^ 

PHASE  I  -  ROUND  ROBIN 

TASK  A 
HIGH 

PRESSURE 

TASK  B 
VARYING 

■^eff 

TASK  C 

NEW 

MATERIALS 

1500-16,000 

1700-7000 

9500-12,000 

3000-34,000 

40-700 

500-3300 

75-450 

50-1100 

0.006-1.0 

0.3-30 

0.02 

0.004-1.0 

0.,172 

0.172 

0.0416-0.,688 

0.172  . 

35,5 

65 

35.7 

16 

73 

31 

70 

33.5 

56 

36.8 

55 

135.6 

76 

7 

16 

5 

74.3 

97 

8 

5 

GDB,  Ames  -  I,  II  C 

MPDB,  Ames  -  II  C 

AMPD,  Langley  -  I,  II  B,  II  C 

ESB.  Langley  -  I,  II  C 

MSG,  Houston  (supersonic)  -  I] 

MSG,  Houston  (subsonic)  -  I,  ] 

FMD,  Wright-Patterson  AFB  -  I 

Aerotherm  -  II  G 

AVGO  -  I,  II  A,  II  G 


Boeing  -  I 

General  Dynamics  -  I 
General  Electric  -  I 
Giannini  -  I,  II  G 
Martin  -  I,  II  B,  II  G 
North  American  -  I 
Space  General  -  II  G 
Gornell  -  II  A 

I  =  Phase  I,  II  A  =  Phase  II  -  Task  A 


The  participating  organization  then  provided  information  on  the 
test  environment  and  the  model  response.  Each  facility  was  also  requested 
to  make  a  heating  rate  and  pressure  profile  survey  of  the  jet  stream  for 
each  of  the  three  test  conditions. 

1.  Measurement  of  Test  Environment 

The  tunnel  operating  conditions  that  were  used  for  each  ablation 
test  are  tabulated  in  Appendix  B.  The  tables  contain  all  data  reported 
by  the  facilities  in  their  original  form;  that  is,  if  the  facility  reported 
the  tunnel  calibration  dat.a  separately,  they  are  listed  separately  in 
Appendix  B.  Some  facilities  with  limited  insertion  capability  combined 
calibration  and  run  data,  although  these  were  obtained  at  different  times. 
The  tables  contain  pertinent  footnotes  on  the  facility  measurement  tech¬ 
niques. 

Although  the  tunnel  conditions  and  run  times  were  specified  by  SRI, 
an  effort  was  made  not  to  influence  the  measurement  techniques  and  methods 
used  by  each  facility.  The  only  instructions  issued  by  the  Institute 
covered  the  use  of  the  SRI  calorimeter  and  radiometer. 

Enthalpy 

Eight  of  the  twelve  participating  facilities  measured  the  average 
total  enthalpy  of  the  plasma  stream  with  a  single  technique;  three  organ¬ 
izations  used  two  methods;  and  one  group  used  three  methods. 

Ten  of  the  facilities  measured  the  mean  enthalpy  of  the  plasma 
stream  by  the  energy  balance  method;  three  groups  used  the  sonic  flow 
method;  and  two  groups  calculated  a  local  enthalpy  from  the  heat  transfer 
data.  Cornell  calculated  the  enthalpy  of  the  test  gas  in  the  Wave  Super¬ 
heater  from  the  temperature  and  pressure  of  the  helium  driver  gas. 

None  of  the  groups  used  an  enthalpy  probe  to  determine  localized 
enthalpy,  and  while  interest  in  this  type  of  instrument  is  continuing,  the 
results  to  date  have  been  somewhat  discouraging.  The  local  enthalpy  in 
the  vicinity  of  the  model  can  be  inferred  from  the  Fay-Riddell  relation 
when  flow  is  supersonic,  and  it  was  calculated  from  the  heating  rate  and 
stagnation  pressure  traverses  that  were  made  at  each  facility.  These 
traverses  are  reported  in  Section  IV-A. 


22 


Some  of  the  problems  and  difficulties  encountered  when  measuring 
enthalpy  by  various  methods  are  detailed  below. 

(1)  Energy  Balance  Enthalpy.  The  majority  of  participants 
preferred  the  energy  balance  method  of  measuring  enthalpy.  The  average 
enthalpy  of  the  plasma  stream  was  calculated  by  subtracting  the  heat  losses 
in  the  arc  generator  and  nozzle  from  the  total  input  power  and  dividing 
the  resulting  net  power  by  the  mass  gas  flow.  The  power  losses  were  de¬ 
termined  by  measuring  the  cooling  water  flow  rates  and  the  small  temper¬ 
ature  rise  of  the  water  as  it  passes  through  the  apparatus.  Some  facil¬ 
ities  used  a  thermopile  arrangement  of  the  thermocouples  to  increase  the 
accuracy  of  the  water  temperature  rise  measurements.  The  energy  balance 
method  is  simple  in  concept  but  may  require  from  five  to  ten  separate 
readings,  each  with  its  attendant  error,  and  the  accumulated  errors  can 

be  considerable. 

(2)  Sonic  Flow  Enthalpy.  The  mean  total  enthalpy,  h^,  of  the 
jet  can  be  calculated  from  the  gas  mass  flow  rate,  W,  the  reservoir  pres¬ 
sure,  P  ,  and  nozzle  throat  area,  A  ,  according  to  the  following  relation- 
ship: ^ 

h  -  (280P^  aVw)2-5  (2) 

One  problem  encountered  with  this  method  is  the  difficulty  of  measuring  a 
true  static  chamber  pressure,  since  most  arc  heaters  are  vortex  or  magnet¬ 
ically  stabilized,  which  can  result  in  a  dynamic  pressure  component.  Any 
measurement  error  is  magnified  when  raised  to  the  power  indicated  in  equa¬ 
tion  (2).  Another  difficulty  arises  when  the  stream  is  not  in  chemical 
and  thermodynamic  equilibrium.  A  correction  for  frozen  flow  that  increases 
with  increasing  enthalpy  must  then  be  added  to  the  above  relationship. 

A  modification  of  the  sonic  flow  method  was  developed  by  R.Pope^ 
of  the  Gas  Dynamics  Branch  at  Ames  Research  Center  whereby  the  temperature  of 
the  gas  in  the  reservoir  prior  to  expansion  in  the  nozzle  is  calculated. 

The  calculation  then  permits  the  enthalpy  of  the  plasma  stream  in  the 
center-line  area  of  the  model  to  be  determined, 

(3)  Heat  Flux  Enthalpy.  A  local  enthalpy  of  the  plasma  stream 
can  be  calculated  from  the  cold  wall  heat  flux  using  the  relationships  of 
Fay-Riddell^  or  Lees.^  This  method  has  the  advantage  of  indicating  an 
enthalpy  in  the  same  area  of  the  stream  as  the  ablating  samples  are 
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exposed  to  and  will  be  described  in  Sec.  IV-A.  Its  disadvantages  are 
variations  in  the  heat  flux  measurement  resulting  from  geometry  and  re¬ 
combination  effects;  these  will  be  discussed  later. 

b .  Heat  Flux 

The  calorimeters  that  were  used  by  the  various  facilities  are 
described  in  Appendix  A  and  in  the  footnotes  to  Appendix  B.  The  details 

of  these  calorimeters  are  summarized  in  Table  III.  Five  of  the  calorim¬ 
eters  were  commercially  available  designs,  primarily  of  the  Garden  type, 
and  seven  were  “in-house”  designs.  Five  of  the  calorimeters  were  hemi- 
spherically  shaped  and  seven  were  flat  faced.  A  wide  range  of  total 
diameter  and  sensing  area  diameters  was  present  in  the  facility  calorim¬ 
eters.  The  calorimeter  sensing  areas  were  constructed  of  four  different 

metals. 


Table  III 

FACILITY  CALORIMETER  DESCRIPTION 


FACILITY 

CALORIMETER  TYPE 

CALORIMETER 

SHAPE 

SURFACE 
MATER I AL 

TOTAL 

DIAMETER 

(in.) 

SENSING 
DIAMETER 
(  in ,  ) 

SRI 

Transient  slug 

Flat  face 

Nickel 
plate  on 

1.25 

0.625 

copper 

Ames  Research  Center- 
GDB 

Transient  slug 

Hemi sphere 

Teflon 
coating 
on  copper 

0.75 

0.313 

Ames  Research  Center- 
MPDB 

Transient  slug 

Hemi sphere 

Gold  plate 
on  copper 

1.  25 

0.375 

Langley  Research  Center- 
AMPD 

Transient, thi n- shel 1 
multiple  TC' s 

Hemisphere 

Stainless 

steel 

2..0 

2.0 

Langley  Research  Center- 
ESB 

Transient,  thin-shell 
multiple  TC’ s 

Hemisphere 

Stainless 

steel 

1.5 

1.5 

Manned  Spacecraft  Center 

Hy-Cal,  asymptotic 

Flat  face 

Cons tan tan 

1.25 

0.15 

Aerotherm  Corp, 

Hy-Cal,  asymptotic 

Flat  face 

Con  stantan 

1.5 

0.20 

AVCO  Corp. 

Transient,  long  slug 

Flat  face 

Copper 

1.25 

0.375 

Giannini  Scientific  Corp. 

Steady  state 

Hemi sphere 

Copper 

0.625 

0.625 

Martin  Co. 

Thermogage , 
asymptotic 

Flat  face 

Const an tan 

1.25 

0.10 

Space  General  Corp. 

Hy-Cal,  asymptotic 

Flat  face 

Const antan 

1.25 

0,10 

Cornell  Aeronautical  Lab. 

Transient  slug 

Hemi sphere 
with 

Copper 

0.6 

0.090 

As  pointed  out  earlier,  each  facility  conducted  heat  flux  tra¬ 
verses  for  each  tunnel  condition;  the  results  are  reported  in  Sec.  IV-A. 

(1)  Transient  Calorimeters.  The  majority  of  the  transient 
calorimeters  used  during  this  study  could  be  categorized  as  “  medi urn- length ” 
slug  cal orimeter s ,  i . e . ,  slug  length  of  one-half  to  one  times  the  slug 
diameter.  These  calorimeters  were  exposed  to  the  plasma  stream  for  a 
few  seconds;  the  heat  flux  was  determined  from  the  slug  temperature  rise 
rate  by  a  relation  analogous  to  equation  (1). 

The  two  Langley  facilities  used  a  thin-walled,  slug-type 
calorimeter  containing  a  thin,  stainless  steel  hemisphere  instrumented 
with  a  number  of  thermocouples.  This  arrangement  permitted  determination 
of  the  heat  flux  distribution  not  only  at  the  stagnation  point  but  also 
over  the  hemisphere.  The  AVCO  calorimeter  was  a  specially  designed, 
long-slug  calorimeter,  in  which  the  thermocouple  was  mounted  in  a  1.5-in.- 
long  copper  slug,  0.020  in.  from  the  front  sensing  surface.  The  temper¬ 
ature  rise  rate  was  evaluated  with  a  computer  program  to  calculate  the 
cold  wall  heat  flux. 

(2)  Steady-State  Calorimeters.  The  steady-state  calorimeter 
used  by  Giannini  was  a  water-cooled,  temperature- ri se  type.  The  heat 
flux  was  calculated  with  the  relation: 

q„  =  (wCpAT)/A  (3) 

wh  ere 

w  =  cooling  water  flow  rate — Ib/sec 
Cp  =  heat  capacity  of  water — Btu/lb°F 
At  =  temperature  rise  of  the  cooling  water — 

A  =  sensing  area —  Ft2 

Since  the  sensing  area  covered  the  entire  hemisphere,  they  corrected  the 
average  heat  flux  to  center-line  stagnation  conditions  with  the  special 
relation  =  2.1q 

AV 

CW 
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The  majority  of  the  steady-state  calorimeters  used  during  this 
study  were  of  the  Gardon  or  asymptotic  types  manufactured  by  either  Hy-Cal 
or  Thermogage.  The  heat  flux  was  determined  by  measuring  the  temperature 
difference  between  the  center  and  the  cooled  periphery  of  a  thin  constantan 
disc.  A  small-diameter  copper  wire  was  connected  to  the  center  of  the 
disc  and  the  disc  periphery  was  welded  to  the  cooled  copper  shroud,  form¬ 
ing  the  hot  and  cold  thermocouple  junctions.  The  radial  temperature 
difference  on  the  disc  is  a  function  of  heat  flux,  disc  thickness,  diam¬ 
eter,  and  thermal  properties.  Since  the  last  three  factors  are  constant 
for  a  given  instrument,  the  heat  flux  can  be  calculated  from  the  millivolt 
difference  between  the  two  thermocouple  junctions. 

c .  Pressure 

Because  the  Phase  I  study  revealed  a  good  correlation  between 
the  SRI  uncooled  pitot  probe  and  the  various  facility  probes,  it  was 
decided  not  to  include  an  SRI  pressure  probe  in  this  study.  Therefore, 
all  model  stagnation  values  listed  in  Appendix  A  were  measured  with  the 
facility  pitot  probes  and  pressure  gauges  or  transducers.  The  majority 
of  the  pitot  probes  were  water-cooled,  flat-faced  cylinders  ranging  in 
size  from  0.375  to  0.75  in.  in  diameter.  The  stagnation  pressure 
was  measured  with  a  wide  variety  of  gauges  and  transducers,  as  described 
in  Appendix  A.  Stagnation  pressure  traverses  of  the  plasma  jet  were 
made  at  each  facility  for  each  tunnel  condition;  the  results  are  reported 
in  Section  IV-A. 

The  expansion  of  the  jet  through  the  nozzle  was  controlled  at 
most  facilities  by  bleeding  air  into  the  test  section  or  by  throttling  the 
vacuum  line.  Some  f ac i li ti es  moni t o red  the j  et  expansion  by  matching  the  test 
chamber  pressure  to  the  nozzle  exit  pressure,  and  the  remainder  of  the  groups 
monitored  the  stream  visually. 

2.  Measurement  of  Model  Response 

Measurements  of  model  response  were  made  both  during  the  run  and 
after  its  completion.  These  include  model  temperatures  as  well  as  phys¬ 
ical  changes  in  the  model. 
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Front  Surface  and  Internal  Temperature 


To  reduce  the  scatter  of  front  surface  temperature  data  that 
was  experienced  during  the  first  round  robin,  eleven  facilities  were 
supplied  with  identical,  calibrated  total  radiation  pyrometers.  They 
were  also  sent  suggestions  for  mounting  the  pyrometer  in  the  tunnel  and 
instructions  for  the  use  of  the  instrument. 

In  most. cases,  a  facility  pyrometer  was  used  in  addition  to  the 
SRI  radiometer;  however,  Ames~GDB  also  used  a  total  radiation  pyrometer. 

Most  facility  instruments  were  either  manual  or  automatic  monochromatic 
optical  pyrometers.  All  the  instruments  measured  the  brightness  temperature 
of  the  model  surface,'  and  the  results  were  reported  assuming  an  emissivity 
of  unity. 

The  Langley-AMPD  group  used  a  photographic  pyrometer  that  viewed 
the  entire  model  surface  and  made  exposures  at  frequent  intervals.  The 
surface  temperatures  were  then  measured  from  densitometer  traces  of  the 
developed  film.  Internal  temperatures  were  measured  at  eight  facilities 
which  had  the  capability  of  connecting  the  model  thermocouples  to  instru¬ 
ment  leads  in  the  insertion  probe.  The  output  of  the  thermocouples  was  . 
then  fed  into  a  continuous  multichannel  recorder.  ■ 

These  model  temperatures  were  received  from  the  facilities  in  the 
form  of  graphs  of  temperature  versus  time.  Since  reproduction  of  these 
graphs  in  their  entirety  was  impractical,  sufficient  data  were  taken 
from  them  to  allow  redrawing  of  the  original  curves.  These  data  are 
tabulated  in  Appendix  C. 

b.  Mass  and  Length  Changes 

A  preliminary  check  indicated  that  the  model  core  weights  of 
the  low-density  materials  were  not  constant  under  varying  atnbient  condi¬ 
tions.  Consequently,  a  study  was  made  of  the  equilibrium  water  content 
of  the  five  low-density  materials  at  various  relative  humidities, 
the  results  are  shown  in  Fig.  5.  As  a,  result  of  the  study,  it  was  de¬ 
cided  to  equilibrate  the  model  cores  to  50  percent  relative  humidity 
before  and  after  testing.  The  length  and  diameter  of  all  model  cores 
were  measured  and  the  cores  conditioned  for  24  hours  at  50  percent  relative 
humidity  and  70-75°F  before  weighing  on  an  analytical  balance.  .The  model 
was  then  assembled,  reweighed,  and  its  total  length  determined  with  a 
dial  micrometer. 
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The  facility  determined  the  model  recession  and  the  total  model 
weight  loss  after  completion  of  the  test.  The  models  were  returned  to  the 
Institute,  and  the  total  model  weight  loss  and  front  surface  recession  were 
again  measured.  Model  base  plates  were  removed  and  the  recession  of  the 
front  surface  of  the  core  rechecked.  The  model  core  was  pressed  out  of 
the  shroud,  reconditioned  as  described  above,  and  the  weight  loss  of  the 
core  determined.  The  core  char  cap  was  removed  and  the  substrate  scraped 
back  to  the  start  of  the  pyrolysis  zone.  The  cores  were  reweighed  and 
measured  so  that  char  weight,  thickness,  and  density  could  be  calculated. 

The  measurements  made  at  SRI  on  the  models  are  listed  in  the 
last  five  columns  of  the  tables  in  Appendix  B.  The  weights  listed  in  the 
tables  are  for  the  0 . 625  -  in . - di ameter  (0.00213  ft^  cross- secti oned  area) 
cores,  except  where  noted.  Mass  loss  rates  were  determined  for  each 
material  and  each  tunnel  condition  and  are  listed  in  Appendix  D  with 
other  derived  information.  For  cases  when  two  models  with  varying  run 
times  were  tested,  the  mass  loss  rate  was  calculated  as  the  slope  between 
the  two  data  points.  When  three  or  more  samples  were  run,  the  mass  loss 
rate  was  determined  from  the  slope  of  the  best  straight  line  through  the 
data.  In  a  very  few  i nst ances 'the  mass  loss  rate  was  determined  from  a 
single  run,  and  for  these  cases  the  slope  was  assumed  to  pass  through 
ze  ro  . 

c .  Char  Den  si t  y 

The  variation  in  char  density  from  the  front  surface  to  the 
virgin-material  interface  was  measured  on  a  few  samples  using  an  X-ray 
measurement  technique  that  was  developed  at  SRI.  A  0.5-in. -wide  x  0.1-in.- 
thick  s  am  pie  including  the  char  was  cut  along  t  h*e  center  line  from  the 
front  to  the  back  of  the  ablated  model  core.  The  char  layer  was  then 
scanned  from  the  front  surface  to  the  virgin  material  with  a  0.250  x  0.003- 
, in. -thick  X-ray  beam  normal  to  the  original  model  core  axis.  Attenuation 
of  the  X-ray  beam  indicated  the  char  density  profile. 

3.  Test  Procedure 

The  tunnel  operating  variables  such  as  power  and  gas  flow  rate  were 
established  by  trial  and  error  at  each  facility  to  meet  the  tunnel  condi¬ 
tion  requested  by  the  Institute.  The  facility  was  allowed  to  match  either 
the  requested  enthalpy  and  stagnation  pressure  or  a  specified  heat  flux 
and  pressure. 


FIG.  5  EFFECT  OF  HUMIDITY  ON  WEIGH 
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OF  MATERIALS 


The  sequence  followed  by  the  facility  in  measuring  the  requested 
tunnel  variables  was  largely  dictated  by  the  number  of  instruments  that 
could  be  sequentially  inserted  into  the  plasma  stream  during  a  single 
run.  We  have  termed  this  the  **  tunnel  insertion  capability,  and  it 
refers  to  the  number  of  model  supports  in  the  test  chamber.  Tunnels 
with  four  supports  could  make  all  requested  measurements  during  a  single 
start-up  ;facilities  with  fewer  supports  required  progressively  more  runs 
to  obtain  the  required  information.  The  relative  reproducibility  of  a 
facility’s  results  is,  of  course,  dependent  on  the  run-to-run  variation 
in  tunnel  conditions  compared  to  the  variations  during  a  single-run. 

Table  IV  is  a  summary  of  the  operating  sequence  followed  at  each 
facility  for  calibrating  the  tunnel  conditions  and  testing  the  ablation 
models. 

Table  IV 

SEQUENTIAL  ORDER  OF  TEST  MEASUREMENTS 


FACILITY 


REFERENCE 

(APPENDIX 

TABLE 

NUMBER) 


NUMBER  OF 
INSERTIONS 


DATA  DETERMINED  DURING  SAME  RUN 


^SRI 

^SRi  ^FAC  Vac 


Model  runs. 

Calibration  runs. 

qgRp  P^  estimated  and  reported  from  calibration  runs, 

^FAC’  ^SRI’  ^t  estimated  and  reported  from  calibration  runs 


IV  EXPERIMENTAL  RESULTS 


The  results  of  the  experimental  program  covered  three  broad  areas: 
test  environment,  high-density  materials,  and  low-density  materials,,  these 
are  covered  in  the  following  sections.  The  test  environment  is  not  only 
measured,  but  the  various  techniques  and  instruments  for  determining  its 
parameters  are  cross-compared.  The  ablation  behavior  of  the  high-density 
materials  is  described  and  correlated  with  the  results  from  the  Phase  I 
program.  The  ablation  behavior  of  the  low-density  materials  is  described 
in  more  detail,  and  correlations  for  these  results  are  suggested. 

A.  Evaluation  of  Test  Conditions 

The  matrix  of  test  conditions,  for  the  second  round  robin  was  designed 
by  selecting  three  test  conditions  for  each  participating  group  that  would 
utilize  the  full  range  capability  of  the  facility  and  at  the  same  time 
provided  the  widest  distribution  of  test  conditions  for  all  facilities. 

The  distribution  of  test  conditions  used  in  the  Phase  II  round  robin  is 

I 

shown  in  Fig.  .6.  Also  shown  in  the  figure  is  the  envelope  of  the  condi¬ 
tions  for  the  Phase  I  round  robin. 

Since  the  ablation  of  Teflon  and  high-density  phenol i c - n-y  1  on  had  been 
investigated  during  the  first  round  robin  in  the  low  and  medium  pressure 
range,  testing  of  these  materials'  was  restricted  primarily  to  the  0.3  to 
30  atm  stagnation  pressure  range.  The  five  new  low-density  materials  had 
been  designed  for  low  pressure  applications  and  were  therefore  tested  pri¬ 
marily  in  the  0.004  to  0.7  atm  pressure  range. 

During  the  first  round  robin,  the  model  stagnation  pressure  measured 
with  an  SRI  pitot  probe  of  the  same  geometry  as  the  ablation  models  was 
compared  to  the  stagnation  pressure  measured  with  the  facility  pitot  probe. 
The  results  were  in  excellent  agreement  and  therefore  this  comparison  was 
not  in  the  Phase  II  round  robin.  Instead  a  stagnation  pressure  and  heating 
rate  traverse  of  the  plasma  streams  was  substituted. 
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1.  Pi  asma  Stream  Uniformity 


The  results  of  the  plasma  stream  traverse  of  heating  rate  and  model  . 
stagnation  pressure  at  each  facility  are  shown  in  Figs.  7  through  16. 

These  plots  were  prepared  by  normalizing  the  local  measured  heating  rates 
at  various  distances  from  the  nozzle  center  line  in  terms  of  the  measured 
heating  rate  at  the  center-line  position.  The  same  procedure  was  followed 
for  the  model  stagnation  pressures. 

A  1. 25-in. -diameter  ablation  model,  drawn  to  the  same  scale  as  the 
nozzle  exit  diameter,  is  shown  at  the  top  of  each  plot  to  indicate  the 
stream  uniformity  in  the  area  of  the  model  and  core.  A  scale  sketch  of 
the  calorimeter,  showing  its  shape,  total  diameter,  and  sensing  diameter, 
is  also  included  at  the  top  of  each  plot. 

The  nonuniformity  of  the  plasma  stream  can  result  from  a  variety  of 
causes  such  as  heat  losses  to  the  nozzle  wall,  nozzle  expansion  charac¬ 
teristics,  pressure  mismatch  between  the  nozzle  exit  and  the  test  chamber, 
method  used  to  stabilize  the  arc,  and  the  position  of  the  measuring  in¬ 
strument.  It  is  impossible  t o  •  gene r a  1 i z e  on  the  causes  for  the  stream 
nonuniformities  shown  in  Figs.  7-16.  One  may  only  state  that  these  were 
the  measured  heating  rates  and  pressures  for  a  particular  apparatus, 
tunnel  operating  condition,  and  model  geometry. 

Actually,  for  this  particular  series  of  tests,  the  plasma  streams 
were  apparently  quite  uniform  in  the  center.^line  area  where  the  model 
cores  were  located.  An  average  of  all  the  participating  groups  indicated 
that  the  heat  flux  at  the  model  core  outer  diameter  (0.625  in.)  was 
99  percent  of  the  center-line  heat  flux.  The  stagnation  pressure  at  the 
same  point  was  97  percent  of  the  center-line  value.  At  the  model  outer, 
or  shroud  diameter  (1.25  in.),  location  the  average  heat  fluxes  were 
89  percent  of  center-line  values  and  average  press u^res  were  85  percent  of 
those  at  the  center.  The  dropo ff  in  heat ing  rat e  when  moving  out  of  the  center 
of  the  plasma  stream  is  somewhat  compensated  for  with  the  flat-faced  shape' 
which  gives  a  higher  heat  flux  at  its  periphery.  This  is  indicated  in 
Fig.  17  (Graph  A)  which  shows  the  heat  flux  at  various  positions  on  the 
hemispherical  and  flat-face  calorimeters  used  by  the  Martin  Company  in 
the  study  of  varying  model  diameter.  This  plot  is  in  reasonable  agree¬ 
ment  with  the  results  of  Marvin  and  Sinclair.^  Graph  B.of  Fig.  17  shows 
the  plasma  stream  uniformity  at  the  same  facility. 
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FIG.  8  PLASMA  STREAM  UNIFORMITY  AT  MAGNETO  PLASMA  DYNAMICS  BRANCH, 
AMES  RESEARCH  CENTER 


FIG.  9  PLASMA  STREAM  UNIFORMITY  AT  ENTRY  STRUCTURES  BRANCH, 
LANGLEY  RESEARCH  CENTER 
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FIG.  12  PLASMA  STREAM  UNIFORMITY  AT  AVCO  (10-Mw  Facility) 
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FIG.  13  PLASMA  STREAM  UNIFORMITY  AT  GIANNINI  SCIENTIFIC  CORPORATION 
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FIG.  15  PLASMA  STREAM  UNIFORMITY  AT  SPACE  GENERAL  CORPORATION 
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FIG.  16  PLASMA  STREAM  UNIFORMITY  AT  CORNELL 
AERONAUTICAL  LABORATORY 
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FIG.  17  HEAT  TRANSFER  PROFILE  ACROSS  MODEL,  AND  PLASMA 
STREAM  UNIFORMITY  AT  THE  MARTIN  COMPANY 
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The  chemical  nonuniformity  of  the  plasma  streams  was  not  studied 
during  this  work,  but  the  Giannini  group,  which  has  conducted  such  studies, 
reported  that  a  varying  oxygen- to- ni tr ogen  ratio  can  exist  across  the 
stream  depending  on  where  and  how  the  oxygen  enters  the  stream.  The  oxygen 
level  of  the  test  stream  will  of  course  have  a  marked  effect  on  the  mater¬ 
ial  ablation  rate. 

Probably  the  greatest  significance  of  the  plasma  stream  traverse  is 
that  the  average  stream  enthalpy  measured  by  an  energy  balance  does  not 
represent  the  center-line  enthalpy  where  the  model  is  being  tested. 

2 .  Stagnation  Point  Heating  Rate 

As  stated  previously,  the  cold  wall  heat  flux  was  measured  at  most 
facilities  with  both  a  facility  calorimeter  and  the  SRI  calorimeter.  The 
calorimeter  designs  differed  both  from  facility  to  facility  and  from  the 
SRI  design.  The  main  differences  in  calorimeter  designs  were  shape,  total 
diameter,  sensing  diameter,  and  the  surface  material  of  the  sensing  area. 

a.  Effect  of  Calorimeter  Design 

Ideally,  the  calorimeter  used  to  measure  cold  wall  heat  flux 
should  have  the  same  shape  and  dimensions  as  the  ablation  models  being 
tested.  Unfortunately  each  set  of  ablation  models  may  differ,  and  the 
usual  practice  is  to  recalculate  the  measured  calorimeter  heat  flux  to 
conform  to  the  model  shape  and  size.  Selection  of  a  calorimeter  is 
further  complicated  because  for  a  task  such  as  a  stream  traverse  it  might 
be  desirable  to  have  a  small  diameter  hemispherical  shape,  whereas  for 
model  testing,  and  to  reduce  the  surface  catalytic  effect,  it  would  be 
desirable  to  have  a  larger  diameter  calorimeter. 

(1)  Shape  and  Diameter  Corrections.  The  shape  and  diameter  ol 
a  calorimeter  determine  the  velocity  gradients  over  its  surface  and  thus 
the  heat  flux  to  the  surface.  It  is  generally  accepted  that  under  super¬ 
sonic  conditions  the  heat  flux  to  different  sized  calorimeters  with  the 
same  shape  will  vary  inversely  with  the  square  root  of  the  calorimeter 
radius,  R,  or  diameter,  D,  according  to  the  following  relation: 

qi/q2  =  (Rs/R])*’-'  =  (DyD,)^-'  (4) 

where  the  subscripts  designate  two  different  calorimeters. 
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The  above  relationship  was  used  to  correct  the  facility  heat 
flux  data  when  the  facility  calorimeter  was  flat  faced  and  had  a  different 
diameter  than  the  SRI  model. 

Heat  transfer  relationships  such  as  the  one  proposed  by  Fay- 
Riddell’^  are  based  on  the  heat  flux  to  a  hemispherical  shape.  Thus,  the 
effective  radius,  R^ £ f »  equals  the  hemispherical  radius.  Heat  transfer 
to  other  shapes  may  be  expressed  as  some  fraction  of  the  heat  flux  to  an 
equal  radius  but  hemis ph erical  body.  Equ ivalently  a  correction  may  be 
made  to  the  actual  radius  to  give  the  R^ £  £ • 

At  the  completion  of  the  first  round  robin,  the  facility  heat 
flux  data  for  hemispherical  calorimeters  were  compared  to  the  SRI  flat¬ 
faced  calorimeter  and  were  found  to  effectively  follow  the  relations: 

qFF  = 

Re££  “  3.3  RpF 

These  results  agreed  well  with  the  data  of  Stoney  and  Mar kly and  were 
used  to  adjust  facility  hemispherical  calorimeter  results  to  the  SRI  shape. 

In  the  Phase  II  round  robin  most  facility  calorimeters  were 
flat  faced  and  required  only  diameter  corrections.  In  addition,  the  two 
Ames  facilities  corrected  their  hemispherical  calorimeter  results  with 
factors  that  they  had  previously  established  experimentally.  The  few  re¬ 
maining  facility  hemispherical  calorimeters  were  corrected  using  the  same 
factors  that  were  used  in  the  Phase  I  round  robin. 

(2)  Surface  Catalytic  Effects.  In  the  area  of  materials  eval¬ 
uation,  the  plasma  arc  has  been  the  most  versatile  test  device  developed 
for  reproducing  free  flight  heating  conditions.  There  are,  however,  ob¬ 
vious  differences  between  ground  test  conditions  and  free  flight  conditions. 
In  free  flight  the  air  preceding  the  vehicles  shock  wave  is  at  rest  and  at 
chemical  equilibrium,  except  at  extreme  altitudes.  In  arc  plasma  testing, 
the  model  is  stationary,  and  the  test  gas  preceding  the  model  shock  wave 
has  been  preheated  to  a  very  high  temperature  level  and  then  expanded 
to  low  pressure  to  simulate  free  flight  conditions.  The  high  gas  temper- 
erature,  together  with  this  expansion  through  a  supersonic  nozzle  to  ob¬ 
tain  high  velocity,  can  give  a  plasma  stream  that  is  not  in  chemical 


46 


equilibrium.  This  is  particularly  true  with  large  expansion  ratios.  Re¬ 
combination  of  the  dissociated  gas  molecules  behind  the  model  shock  wave 
thereby  influences  the  heat  flux  to  the  calorimeter  or  model.  The  recom¬ 
bination  mechanism  has  not  been  fully  quantified  but  is  known  to  be  a 
function  of  the  atomic  concentration  and  gas  density  in  the  boundary  layer, 
the  wall  temperature,  model  geometry,  and  wall  catalytic  activity. 

The  amount  of  heat  released  by  catalytic  recombination  becomes 
important  when  the  heat  flux  measurements  are  used  to  calculate  the  en¬ 
thalpy  in  the  center  of  the  nonequilibrium  plasma  stream  at  the  model 
location.  Heat  transfer  relationships  such  as  Fay- Riddell  assume  an  in¬ 
finitely  catalytic  surface  and  complete  recovery  of  all  energy.  Metal 
calorimeter  surfaces  have  varying  finite  catalytic  reaction  rate  constants, 
and  the  measured  heat  flux  will  be  less  than  that  for  infinitely  catalytic 
surfaces.  Further,  for  a  given  surface  material,  the  ratio-  of  measured 
heat  flux  to  the  heat  flux  at  a  fully  catalytic  surface  will  increase  with 
increasing  stream  density  and  calorimeter  diameter,  and  the  ratio  will  de¬ 
crease  with  increasing  enthalpy  and  wall  t^perature. 

The  Gas  Dynamics  Branch  of  Ames  Research  Center  conducted  a 
study  of  the  effect,  on  the  measured  heat  flux,  of  calorimeter  surface 
catalytic  activity  and  some  of  the  other  variables  noted  above.  During 
the  study,  the  Ames  copper-surface  calorimeter  and  the  SRI  ni eke  1 - surf  ace 
calorimeter  were  exposed  to  a  range  of  enthalpies  (8000  Btu/lb  and  greater) 
at  two  stagnation  pressures.  Identical  calorimeters  that  had  been  sprayed 
with  a  thin  coating  of  Teflon  were  also  exposed  to  the  same  conditions. 
These  tests  were  performed  at  a  relatively  high  expansion  ratio. 

The  results  of  the  study  are  shown  in  Fig.  18,  in  which  the  ratio 
of  measured  heat  flux,  q  ,  to  the  heat  flux  for  an  infinitely  catalytic 
surface,  is  plotted  versus  the  total  stream  enthalpy  as  determined 

by  the  modified  sonic  flow  method  (see  footnote  2,  Appendix  B-1).  The 
value  of  q^  was  calculated  using  the  Fay-Riddell  relation  and  the  total 
stream  enthalpy  reported  by  Ames  with  their  experimental  relation  of 
^eff  ""  ^^*91  Rpp.  It  should  be  noted  that  the  higher  pressure  runs  shown 
in  the  figure  were  made  by^ entering  part  of  the  gas  at  the  plenum  location, 
thereby  changing  the  equilibrium  condition  and  giving  an  accentuated  ef¬ 
fect  of  stagnation  pressure  on  the  heat  flux  ratio, 

w 
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The  data  were  also  used  by  Ames  to  estimate  the  catalytic  re¬ 
action  rate  constant,  k^,  for  each  surface.  The  was  found  to  be  500 
to  700  cm/sec  for  copper,  300  cm/sec  for  nickle,  and  to  be  much  lower  for. 
Teflon;  the  values  for  the  metals  agree  with  those  of  Goulard. 

The  results  indicate  the  importance  of  calorimeter  surface 
catalytic  activity,  calorimeter  geometry,  and  stream  conditions  on  the 
measured  heat  flux.  No  simple  correlation  of  all  variables  has  been  de¬ 
veloped  to  date;  however,  studies  in  this  field  are  now  under  way.  The 
general  conclusions  at  this  time  are  that,  when  the  arc  gener a tor- noz z 1 e 
system  tends  to  lead  to  a  nonequilibrium  plasma,  the  calorimeter  surface 
should  be  a  clean  metal  having  high  catalytic  activity  such  as  silver, 
copper,  or  nickel.  Further,  the  calorimeter  diameter  should  be  as  large' 
as  is  practicable.  Finally,  an  indication  of  the  stream  nonequilibrium 
condition  can  be  obtained  by  comparing  the  measured  flux  to  a  catalytic 
metal  surface  to  the  heat  flux  measured  with  an  identical  calorimeter  that 
has  been  sprayed  with  a  thin  coating  of  Teflon  to  give  a  noncatalytic 
surface.  This,  of  course,  is  not  possible  at  high  heat  fluxes  where  the 
Teflon  would  sublime  rapidly. 

b.  Comparison  of  Results 

Using  the  correction  techniques  discussed  above,  the  measured- 
facility  heat  flux  data  were  adjusted  to  the  1 . 25- in. -di ameter  SRI  model 
shape.  The  facility  and  SRI  calorimeter  results  are  compared  in  Fig.  19, 
the  standard  deviation  was  found  to  be  13  percent.  These  results  are  a 
slight  improvement  over  the  first  round-robin  data,  which  showed  a  standard 
deviation  of  16  percent. 

The  Cornell  data  gave  the  greatest  deviation,  with  the  SRI  cal¬ 
orimeter  reading  about  1.6  times  the  Cornell  value.  Cornell  reported 
that  they  have  previously  experienced  even  higher  readings  at  high  pressure 
conditions  with  calorimeters  which  are  similar  to  the  SRI  design  but  which 
have  an  air  gap  surrounding  the  slug.  Apparently  the  high  pressure  gases 
flow  through  this  air  gsp  and  can  preferentially  heat  the  thermocouple 
junction,  thereby  giving  a  high  temperature  rise  rate.  The  problem  may 
be  further  accentuated  by  the  nonsymmetry  of  the  stream  at  this  facility. 
Cornell  solves  this  problem  by  filling  a  short  section  of  the  air  gap 
with  a  refractory  cement.  However,  this  solution  is  no t,  compl etely 
satisfactory,  since  increased  contact  between  the  slug  and  the  shroud 


49 


can  lower  the  measured  heat  flux.  Perhaps  the  best  solution  is  to  seal 
the  calorimeter  for  pressure  conditions  considerably  above  1.0  atm  and 
to  isolate  the  slug  with  an  air  gap  for  lower  pressures. 


3.  Prediction  of  Stagnation  Point  Enthalpy 

The  stagnation  point  enthalpy  in  the  vicinity  of  the  model  can  be 
calculated  from  the  model  stagnation  pressure  and  the  cold  wall  heat  flux 
values.  The  following  form  of  the  Fay-Riddell  equation  was  used  to  cal¬ 
culate  the  stagnation  enthalpy  potential,  Ah,  for  each  facility  from  the 

^SRI  Pt, 

cw  ^ 

=  Spq(R,„)«-V(P.  (5) 

C  W  -  ^ 

where  is  24  as  shown  in  Appendix  E,  Sec.  A. 

The  above  relation  assumes  air  at  chemical  and  thermodynamic  equi¬ 

librium  as  the  test  gas  with  an  invariant  Lewis  number  equal  to  1  and  a 
Prandtl  number  equal  to  0,72.  The  value  of  £  £  was  taken  as  0.172  ft 

based  on  the  1 . 25- in . - di ameter  flat-faced  shape  and  Rg££  =  3.3  Rpp-  The 

resulting  values  of  enthalpy  have  been  tabulated  in  Appendix  D  and  are 
compared  in  Fig.  20  to  the  reported  enthalpy  as  measured  by  the  technique 
preferred  by  the  facility. 

Figure  20  shows  a  prepondence  of  data  above  the  correlation  line 
indicating  that  the  center-line  enthalpy  in  the  area  of  the  model  was 
probably  higher  than  the  average  measured  enthalpy  reported  by  some  of 
the  facilities.  Facilities  such  as  AMPD-Langley  and  ESB-Langley  that 
prefer  the  heat  flux  method  for  measuring  enthalpy  gave  a  good  correla¬ 
tion  as  would  be  expected.  The  differences  for  these  two  facilities 
result  from  different  calorimeters  and  calculation  methods.  Giannini’s 
and  Space  General’s  measured  enthalpies  agreed  well  with  the  calculated 
values.  These  two  facilities  also  reported  quite  uniform  stream  tra¬ 
verses,  indicating  that  the  center-line  enthalpy  is  probably  close  to 
the. average  enthalpy  by  the  energy  balance  method. 

Personnel  at  GBD-Ames  feel  that  for  moderate  to  high  pressure  non- 
uniform  streams  the  heat  flux  enthalpy  is  preferable  to  other  methods  of 
measuring  average  enthalpy,  but  they  also  believe  that  this  enthalpy  can 
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FIG.  20  COMPARISON  OF  CALCULATED  AND  REPORTED  ENTHALPIES 


be  severely  in  error  on  the  low  side,  as  shown  by  their  data  in  Fig.  20, 
when  used  for  low  pressure,  nonequilibrium  streams.  The  problem  results 
from  the  necessity  of  using  calorimetric  surfaces  with  less  than  infinite 
catalytic  activity,  as  discussed  in  the  previous  section.  The  group  at 
GDB-Ames  has  therefore  developed  a  modified  sonic  flow  method  which  allows 
them  to  calculate  the  stream  temperature  and  resulting  enthalpy  in  the 
model  area.  The  enthalpies  calculated  by  the  modified  sonic  flow  method 
can  be  1.5  times  higher  than  the  heat  flux  method  as  seen  in  Fig.  20. 

It  appears  that  although  the  stream  enthalpy  is  undoubtedly  the  most 
important  variable  in  material  ablation  studies,  it  is  also  the  most  dif« 
ficult  to  measure  accurately. 

B.  Performance  of  High-Density  Ablation  Materials 

In  order  that  the  effects  of  extended  test  conditions,  and  especialTy 
of  varying  dimensions,  could  be  evaluated,  a  dimensional  analysis  of  abla¬ 
tion  variables  was  undertaken.  This  analysis  and  its  use  to  correlate 
ablation  data  for  the  high-density  Teflon  and  pheno 1 i c - ny 1  on  materials 
used  in  the  Phase  I  study  is  covered  in  Appendix-  E. 

In  the  present  round-robin  program  (Phase  II),  two  groups  of  experi¬ 
ments  were  performed  to  extend  the  variables  studied  in  Phase  I.  The'first 
was  the  use  of  high-density  Teflon  and  phenolic-nylon  models  of  the  standard 
size  (same  as  in  Phase  I)  but  exposed  to  considerably  higher  stagnation 
pressures.  The  second  group  involved  Teflon  and  low-density  pheno 1 i c - ny 1  on 
models  having  effective  radii  varying  from  four  times  as  large  to  about 
four  times  as  small  as  the  standard  models.  The  results  of  these  experi¬ 
ments  and  how  they  fit  the  correlations  are  discussed  below. 

1.  High  Stagnation  Pressure  Environments 

The  lack  of  fit  of  the  data  obtained  by  Walberg  at  high  stagnation 
pressures,  as  shown  in  Fig.  E-2  of  Appendix  E,  suggests  that  the  correla¬ 
tion  does  not  properly  take  into  account  such  environmental  conditions. 

This  was  confirmed,  at  least  for  the  high-density  phenol i c- ny Ion  models, 
when  the  data  from  the  Phase  II  round  robin  experiments  at  high  stagnation 
pressures  were  checked  against  that  figure  and  were  shown  to  have  the  same 
displacement.  Reconsideration  of  these  relations  was  theiefore  in  order, 
and,  at  this  point,  it  was  decided  to  use  the  separate  correlations 
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represented  by  Equations  (E-18A)  and  (E-18B)  in  Appendix  E  since  there 
appeared  to  be  a  difference  in  the  behavior  of  Teflon  and  phenolic-nylon 
at  high  stagnation  pressures. 

a.  Behavior  of  Teflon 

The  approach  tried  was  to  separate  the  pressure  term  from  the 
rest  of  the  relation.  Rearrangement  of  Equation  (E-18A)  in  this  manner 
leads  to 

=  0.0044(P^  (6) 

SRI  2 

A  plot  of  the  left-hand  side  of  this  relation  against  stagnation 
pressure,  P,,  ,  on  logarithmic  coordinates  should  show  the  indicated  slope 

of  0.25  and  intercept  of  0.0044  for  the  right-hand  term.  It  should  be 
remembered  that  Equation  (6)  is  based  on  the  Phase  I  round-robin  results. 
When  such  a  plot  was  made  with  the  Teflon  literature  data  given  in  Tabl e  E- 1 
(Appendix  E),  the  best  correlation  line  showed  a  slightly  different  slope 
and  intercept.  These  data  were  therefore  correlated  by  the  regression 
program  in  terms  of  relation  (E-16B),  namely, 

mJReff)  =  b(qc„Reff)''(Pt2Reff)” 

The  computer  gave  the  following  values  for  the  constants  using  the  Teflon 
literature  data: 


b  =  0.0048,  n  =  0.52,  m  =  0.22 

Multiple  correlation  coefficient  =  0.99 

Standard  deviation  =  11  percent 

The  multiple  correlation  coefficient  is  maximized  by  the  regression  anal¬ 
ysis.  The  closer  this  coefficient  is  to  unity,  the  more  significant  is 
the  correlation. 

Averaging  these  constants  with  the  Phase  I  round-robin  constant's 
of  0.0044,  0.57,  and  0.25  and  giving  the  latter  ones  slightly  more 
credence,  since  they  represent  more  data  points,  the  corrected  form  of 
Equation  (6)  would  be 
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This  corrected  form  is  plotted  in  Fig.  21  and  is  based  not  only  on  the 
Phase  I  round-robin  results  and  literature  data,  but  also  on  the  Phase  II 
round-robin  high  stagnation  pressure  runs  performed  at  AVCO  and  Cornell. 

As  can  be  seen  in  the  figure  there  appears  to  be  no  effect  of  the  stagna¬ 
tion  pressure  on  the  correlation,  at  least  to  pressures  of  33  atm.  This 
is  not  unexpected  since  Teflon  ablates  by  sublimation  and  thus  should  be 
little  affected  by  mechanical  forces. 

b.  Behavior  of  High-Density  Phenol ic -Ny 1  on 

A  similar  approach  was  used  in  evaluating  the  phenolic-nylon 
data.  The  rearranged  Equation  (E-18B)  gave 

^V(qcw)°' “  =  0.0010(P.  (9) 

2 

The  effect  of  the  literature  data  on  the  constants  was  not  checked,  since 
there  was  insufficient  information  for  use  in  a  regression  analysis.  A 
plot  of  Equation  (9)  is  shown  in  Fig.  22  and  is  based  on  the  Phase  I 
round-robin  results  and  literature  data,  as  well  as  on  the  Phase  II  round- 
robin,  high  stagnation  pressure  runs  at  Cornell  and  AVCO. 

This  plot  shows  that  at  high  stagnation  pressure  the  phenolic- 

nylon  models  exhibit  higher  mass  loss  rates  than  would  be  predicted  by  the 

Phase  I  round-robin  correlation.  However,  these  higher  rate  data  do  fit 

a  correlation  line  of  steeper  slope,  with  a  transition  between  the  two 

correlations  occurring  at  a  stagnation  pressure  of  about  2.7  atm.  Thus, 

the  correlations  fo  r high-densi ty  phenolic-nylon  might  be  expressed  for 

P^2.7atmas 

^  2 

m,  =  0.0010(R^f^)-0.32(.^^)0.55(p^^)0.]3 

and  for  P^^  ^2.7  atm  (and  at  least  up  to  29  atm)  as 

m,  =  0.00048(R^ff)^^- 55(p^  )0.]3+0.75 

CW  2 

This  variation  in  behavior  might  have  been  predicted  because 
phenolic-nylon  ablates  by  a  charring  mechanism  which  is  particularly  sen¬ 
sitive  to  the  mechanical  stresses  brought  on  by  high  stagnation  pressures. 


(10) 


(11) 


55 


.  21  CORRELATION  OF  TEFLON  DATA 


This  is  verified  by  the  fact  that  the  phenolic-nylon  models  from  these 
tests  showed  almost  no  char  after  exposure  to  the  high  stagnation  pressure 
environments,  and  thus  had  reduced  thermal  protection. 

The  use  of  the  double  exponent  on  the  pressure  term  in 
Equation  (11)  is  based  on  this  fact  of  char  failure.  The  dimensionless 
form  of  Equation  (9)  is  given  in  expanded  form  by  Equation  (E-10)  of 
Appendix  E.  This  form  would  imply  that  the  exponent  on  the  effective 
radius  would  have  to  increase  to  a  positive  number  with  this  large  an  ex¬ 
ponent  on  the  stagnation  pressure.  There  is  no  evidence  for  this  behavior 
and  it  appears  more  logical  that  one  additional  dimensionless  group  should 
be  added  to  Equation  (E-9)  based  on  a  new  variable  ,  t,  the  failure  stress 
of  the  char.  Normal  units  for  this  variable  are  pound  force  per  square 
foot.  Converted  to  the  pound-foot-second  system,  it  becomes  rg ^  with  con¬ 
verted  units  of  Ib/ft  sec2.  This  has  the  same  converted  units  as  stagna¬ 
tion  pressure,  .  Section  A  of  Appendix  E  shows  the  converted  form  of 

this  as  P  Eg  ^Thus,  the  simplest  form  of  the  new  dimensionless  group 

t  2  P  c 

would  be 


Equation  (E-9)  then  becomes 
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m 


(13) 


Expanded  into  dimensional  form,  this  equation  becomes 

mt  =  b(F/T)  ^(R^„)"+"’-l(qcw)"(Pt2)”"^' 

where  b  is  as  defined  in  Equation  (E-17)  and  is  equal  to  0.0010  as  shown 
in  Equat i on  ( 10 ) . 

This  is  identical  to  Equation  (11)  with  r  equal  to  0.75  and  the 
value  of  the  constant  there  can  be  compared  with  b  from  Equation  (10)  to 
determine  the  value  of  r  from  Equation  (14).  Hence,  r  is  found  to  be 
5610  lb  force/ft^  or  2.65  atm. 

2 .  Models  with  Variable  Radii 

a.  Phase  II  Round-Robin  Data 

The  Phase  II  studies  with  models  of  varying  radii  involved  both 
heat  transfer  and  mass  loss  measurements,  thus  permitting  a  check  of  the 
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radius  effect  in  both  cases.  It  should  be  remembered,  however,  that  only 
a  limited  amount  of  effort  was  put  into  these  studies. 

(1)  Heat  Transfer  Rate.  It  is  generally  accepted  that  under 
supersonic  conditions  the  heat  flux  to  different  sized  calorimeters  with 
the  same  shape  will  vary  inversely  with  the  square  root  of  the  calorimeter 
radius.  Further,  the  dimensions  of  different  shaped  models  can  be  ex~' 
pressed  in  terms  of  their  effective  radii,  and,  as  pointed  out  in 
Equation  (13)  of  the  Phase  I  report,  ^  this  is 

^eff  “  •"  3.  3  Bpp  (15) 

Thus,  the  heat  flux  will  decrease  with  increasing  calorimeter  size  accord¬ 
ing  to  the  relation 

^cw/ (  <Icw)  ]  .  2  5  FF  "  f  1  .  2  5  Ff/^c  f 

A  logarithmic  plot  of  the  heat  flux  ratio  versus  the  effective  radius  is 
shown  in  Fig.  23. 

The  calorimeters  used  by  AMPD-Langley  and  Martin  were  those  that 
best  matched  the  SRI  calorimeters.  The  AMPD  facility  used  a  four-inch 
shroud  for  the  flat-face  model  and  cadorimeter  rather  than  a  five-inch 
shroud;  this  was  done  to  minimize  stream  blockage  at  the  diffuser.* 

As  can  be  seen  from  the  plot,  a  slope  of  -0.5  fits  the  data 
well,  and  the  intercept  at  an  effective  radius  of  unity  is  equal  to  the 
square  root  of  the  effective  radius  of  a  1.25-inch,  flat-face  calorimeter, 
namely,  0.415.  Except  for  the  Martin  high  point  at  the  five-inch,  flat- 
face  effective  radius,  where  stream  blockage  may  be  occurring,  and  a  low 
point  for  the  one-inch  hemispherical  calorimeter,  the  data  confirm  the 
inverse  square  root  relation. 

(2)  Mass  Loss  Rate.  The  predicted  effect  of  model  radius  on 
Teflon  mass  loss  rate  is  shown  by  Equation  (E-18A).  Rearrangement  of 
this  equation  in  terms  of  effective  radius  gives 

™t/(qcw  "  0.0044(R^jj)"'>- ^8  (17) 

SRI  ^ 

*  The  core  diameter,  however,  remained  at  2.5  inches.  Also  the  corner  radius  on  the  AMPD  models  was  made 
one-fifth  of  the  shroud  radius  to  reduce  stream  blockage.  The  corner  radius  on  the  Martin  models  was 
constant  at  one-eighth  inch  regardless  of  shroud  radius  so  that  the  ratio  varied,  as  shown  in  Graph  A 
of  Fig.  17. 
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FIG.  23  VARIATION  OF  HEAT  TRANSFER  RATE  WITH  EFFECTIVE  RADIUS 


Using  the  data  from  the  Phase  II  experiments  of  variable  radii  Teflon 
models,  the  left-hand  side  of  this  relation  was  calculated  and  plotted 
against  effective  radius  in  the  top  half  of  Fig.  24.  The  slope  of  the 
line  is  -0.18  and  the  intercept  is  0,0044  at  f £  =  1  ft.  It  appears 
that  the  data  could  be  fitted  with  a  line  of  this  slope  but  at  a  lower 
intercept.  The  reason  for  this  is  unknown  but  must  relate  to  the  way  in 
which  the  experiment  was  performed  and  in  which  the  measurements  were 
made,  since  data  obtained  at  this  facility  using  other  standard  1,25-inch 
flat-face  models  fit  the  general  correlation  well,  yet  the  data  obtained 
with  a  standard  model  in  this  series  of  experiments  are  also  displaced 
downward . 
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FIG.  24  VARIATION  OF  MASS  LOSS  RATE  WITH  EFFECTIVE  RADIUS 


One  possible  explanation  relates  to  the  fact  that  as  the  model 
diameters  were  increased,  the  core  diameters  were  increased  in  the  same 
proportions.  However,  the  calorimeters  kept  the  same  sensing  area  and 
merely  increased  the  shroud  diameter.  With  the  plasma  coring  exhibited 
by  the  facilities  involved  this  could  provide  misleading  information 
about  the  thermal  environment  to  which  the  core  was  exposed. 

The  same  pattern  was  found  with  Phase  II  variable  radii  data 
for  the  Hughes  low-density  pheno 1 i c - ny 1  on  models.  As  will  be  seen  in 
Sec.  IV-C,  the  mass  loss  rate  correlation,  cast  into  the  same  form  as 
Equation  ( 17 ) ,  is 

“t/(qcw  =  0.0018(R^fP"'’- (18) 

SRI  ^ 

This  is  plotted  in  the  bottom  half  of  Fig.  24. 

b.  Literature  Data 

The  correlation  of  the  literature  data  from  supersonic  facilities 
in  Appendix  E,  Sec.  C,  covered  radii  varying  from  0.0156  to  0.55  ft  and  had 
a  very  low  standard  deviation.  The  effect  of  radius  on  mass  loss  rate, pre¬ 
dicted  by  the  dimensionless  correlation  (see  Equation  (E-10),  or  its  re¬ 
vised  form  (E-16A)),  has  therefore  been  well  verified. 

C.  Performance  of  Low-Density  Ablation  Materials 

More  extensive  measurements  were  made  on  the  low-density  materials 
during  the  ablation  experiments.  These  permitted  a  more  detailed  deter¬ 
mination  of  the  response  of  these  materials  to  the  test  environment.  As 
a  result,  additional  correlations  were  considered  for  interpreting  these 
data. 


1 .  Ablation  Behavior 

This  section  contains  information  on  temperature  measurements  and 
physical  changes  in  the  low-density  materials  evaluated  during  the  Phase  II 
round- robin . 

a.  Front  Surface  Temperature 

The  front  surface  temperature  data  from  the  first  round  robin 
showed  considerable  scatter.  To  avoid  this,  the  facilities  were  supplied 
with  identical,  calibrated  total  radiation  pyrometers.  A  description  of 


62 


the  pyrometers  and  calibration  technique  is  given  in  Sec.  III-B.  The 
facilities  also  received  suggestions  for  mounting  the  pyrometer  in  the 
tunnel  and  instructions  for  the  use  of  the  instrument. 

A  comparison  of  reported  front  surface  temperatures  as  measured 
with  the  SRI-supplied  radiation  pyrometer  and  the  facility  optical  pyrom¬ 
eter  is  presented  in  Fig,  25.  The  data  shown  in  this  figure  are  from 
Appendix  B  and  are  the  surface  temperatures  measured  on  the  Langley 
phenolic-nylon  (PLL)  material.  The  same  pattern  of  data  was  also  evident 
on  the  other  materials  that  were  evaluated.  ' 


The  measured  surface  temperatures  given  in  Fig.  25  are br igh tness 
temperatures,  assuming  a  surface  emissivity  of  unity.  Since  the  actual 
emissivity  is  less  than  one,  the  true-surface  temperatures  are  higher  than 
those  indicated.  If  an  emissivity  of  0.8  is  assumed  for  the  (PLL)  material, 
the  following  corrections  must  be  added  to  the  measured  values  to  give  the 
true  temperatures: 


MEASURED 

TEMPERATURE 

(°F) 

2000 

3000 

4000 


RADIATION  PYROMETER 
CORRECTION 

(°F) 

+  100 
+  160 
+  220 


OPTICAL  PYROMETER 
CORRECTION  AT  0.6  5  5/i 

_ TF) _ 

+  35 
+70 
+  130 


The  effect  of  these  corrections  is  shown  by  the  correlation  line  labeled 
e  =  0.8  in  the  figure. 

Examination  of  Fig.  25  indicates  that  some  facilities  such  as 
GDB-Ames,  MSC-Houston  (subsonic),  Giannini,  and  Martin  had  good  agreement 
between  the  facility  and  SRI  pyrometers  when  an  emissivity  of  0.8  -  0.9, 
was  assumed.  AMPD- Langl ey ,  Aerotherm,  and  Space  General  did  not  display 
as  good  an  agreement  in  surface  temperature.  Part  of  the  lack  of  agree¬ 
ment  seemed  to  have  resulted  from  the  radiometer  mounting  location  and 
optical  path  to  the  radiation  pyrometer,  as  described  briefly  in  Appendix  A. 
When  the  radiometer  was  located  outside  the  tunnel,  with  narrow  grazing 
angles  off  intervening  windows,  the  attenuation  of  the  optical  signal 
resulted  in  low  surface  temperatures  of  the  model.  Jn  a  few  cases  the 
radiometer  was  mounted  with  a  narrow  viewing  angle  to  the  model  front  sur¬ 
face  and  the  model  rapidly  ablated  out  of  focus. 


The  group  at  GDB-Ames  has  used  radiation  pyrometers  extensively 
and  is  aware  of  the  precautions  that  must  be  followed  in  their  use.  It 
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SR!  RADIATION  PYROMETER 


FIG.  25  COMPARISON  OF  SRI  RADIOMETER  AND  FACILITY 
OPTICAL  PYROMETERS 
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FIG.  26  COMPARISON  OF  SRI  AND  GDB-AMES  RADIOMETERS 

is  probably  for  this  reason  that  they  obtained  a  good  correlation  between 
their  radiation  pyrometer  and  the  SRI  radiometer,  as  indicated  in  Fig.  26. 

Since  the  radiometers  were  not  calibrated  in  position  on  the 
tunnels,  it  was  decided  that  the  facility  pyrometer  temperatures  were  more 
reliable  and  were  therefore  used  in  all  front  surface  temperature  correla¬ 
tions.  This  points  up  the  general  problem  of  using  identical  calibrated 
instruments  to  cross-correlate  facilities.  Either  their  use  must  be 
rigidly  specified  and  followed,  or  they  must  be  further  calibrated  in 
position  on  the  tunnel. 


b.  Internal  Temperature  Rise 

A  plot  of  the  temperature  data  for  the  run  on  model  PLL  96  per¬ 
formed  at  GDB-Ames  is  given  in  Fig.  27.  This  figure  shows  the  temperature 
rise  of  the  four  internal  thermocouples  and  the  model  iront  surface 


TEMPERATURE 


FIG.  27  MODEL  TEMPERATURES  AND  RECESSION  DURING  ABLATION  RUN 
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LENGTH 


temperature  as  measured  with  a  facility  optical  pyrometer  and  the  SRI 
radiometer  and  is  based  on  the  data  in  Appendix  C.  A  length  scale  was 
added  to  the  right-hand  ordinate  of  each  temperature  graph,  and  the  model 
recession  and  char  thickness  data  from  Appendix  B  were  plotted  for  the 
three  varying  run  times  used  on  models  PLL  54,  57,  and  96.  The  initial 
thermocouple  distances  were  added  to  the  graphs  and  the  time  noted 
when  the  char-virgin  material  interface  passed  each  thermocouple  position. 
The  temperature  of  the  thermocouple  at  the  above  noted  time  was  designated 
as  the  char-virgin  material  interface  temperature  and  is  recorded  in 
Appendix  C. 

Although  the  data  showed  considerable  scatter,  they  also 
followed  a  particular  pattern  indicating  that  the  char-virgin  material 
interface  temperature  increases  with  increasing  mass  pyrolysis  rates.  The 
scatter  probably  resulted  from  the  difficulty  of  measuring  the  position 
and  temperature  of  a  receding  boundary  layer  and  the  fact  that  the  temp¬ 
erature  gradient  in  the  material  is  very  steep  at  the  char  in  the  decom¬ 
position  zone.  The  temperature  gradients  at  the  interface  ranged  upwards 
to  35'^F/O.OOl  in.  for  the  high  pyrolysis  rate  condition,  indicating  the 
importance  of  small  thermocouple  wire  diameter  and  of  position  measurement. 

The  instantaneous  mass  pyrolysis  rate  was  calculated  at  the  time 
the  char  interface  passed  each  thermocouple  position.  It  was  assumed  that 
all  material  back  to  the  interface  had  been  pyrolized  and  consumed.  Com¬ 
parison  of  the  data  for  the  mass  pyrolysis  rate  versus  char  interface 
temperature  for  the  Avcoat  and  the  two  low-density  phenolic-nylon  materials 
indicated  that  above  a  minimum  temperature  of  about  800°F  the  pyrolysis 
rate  was  approximately  a  function  of  the  fourth  power  of  the  interface 
temperature. 

c .  Mass  Loss  Rates 

The  model  core  weight  losses  were  determined  on  all  modeTs  re¬ 
turned  to  SRI.  The  methods  are  outlined  in  Sec.  III-C.  The  equivalent 
mass  loss  per  area,  in  pounds  per  square  feet,  was  calculated  and  plotted 
against  time  for  each  material.  Examples  of  these  plots  are  given  in 
Figs.  28  and  29  for  Langley  low-density  phenolic-nylon  and  Avcoat  material. 

The  plots  show  a  typical  higher  initial  mass  loss  rate  of  charring 
ablation  as  the  char  is  established  and  the  front  surface  temperature  in¬ 
creases.  This  is  followed  by  a  period  of  slightly  lower  mass  loss  and  the 
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establishment  of  a  quasi  steady-state  mass  loss  rate.  The  induction 
period  ranged  from  a  fraction  of  a  second  at  the  very  high  fluxes  to  apr 
proximately  eight  seconds  for  the  lowest  fluxes. 

As  stated  in  Sec.  III-C,  when  more  than  two  models  were  tested, 
the  mass  loss  rate,  was  determined  from  the  slope  of  the  best  straight 

line  through  the  data.  When  two  models  were  tested  the  mass  loss  rate  was 
determined  from  the  slope  between  the  two  data  points,  and  for  the  occa¬ 
sional  runs  involving  one  model,  the  slope  was  assumed  to  intersect  zero. 

The  calculated  mass  loss  rates  have  been  tabulated  in  Appendix  D. 

The  mass  pyrolysis  rate,  m^,  was  also  calculated,  as  follows, 
for  all  tests  involving  two  or  more  models: 

+  ^Cr)2  -  "  ^CR)]]/(t2  -  tj)  (19) 

Here,  and  are  the  recession  of  the  front  surface  of  the  char  and 

char  thickness,  respectively;  virgin  material  density;  and  the 

subscripts  2  and  1  denote  long  and  short  duration  runs,  respectively.  The 
mass  pyrolysis  rate  thus  represents  the  rate  at  which  the  char-virgin 
material  interface  is  moving  into  the  model.  These  results  are  also  tabu¬ 
lated  in  Appendix  D. 

The  mass  pyrolysis  rate  described  above  is  defined  slightly 
differently  than  the  mass  pyrolysis  rate  reported  in  the  Phase  I  report, 
but  it  is  consistent  with  Lundell '  s  def  ini  tion  The  Phase  I  data  can  be 
corrected  to  equal  the  Phase  II  data  by  adding  the  m listed  in  Appendix  C 
of  the  Phase  I  report^  to  the  listed  values  of  mp. 

Although  the  char  removal  rate,  is  not  tabulated  in  Appendix  D 

for  the  Phase  II  data,  it  was  used  to  determine  how  closely  the  ablation 
of  the  low-density  materials  correlates  with  Scala's  predicted  regimes  for 
the  combustion  of  graphite.  This  involved  calculation  of  /I'  e  f  f  ^ 

and  the  plotting  of  this  against  front  surface  temperature,  Tj;,g,  in  degrees 
Rankine . 

The  high-density  phenolic-nylon  data  from  Phase  I  agree  well  with 
theory  in  showing  a  diffusion- rate-controlled  plateau  above  3000°R.  On  the 
other  hand,  the  high  stagnation  pressure  data  from  Phase  II  for  this  same 
material  show  considerably  higher  rates.  The  five  low-density  materials 
showed  no  plateau  above' SOOO^R,  in  fact,  varied  as  much  as  sixfold  without 
any  discernible  pattern. 


70 


d.  Char  Properties 


Chars  on  the  low-density  pheno 1 i c - ny 1  on  materials  had  a  cracked 
appearance  on  the  surface  and  a  columnar  structure  oriented  parallel  to 
the  direction  of  ablation.  This  could  indicate  that  the  pyrolysis  gases 
take  preferential  paths  to  the  surface.  The  pyrolysis  zone,  as  indicated 
by  the  slight  change  in  color  of  the  virgin  material,  was  very  narrow 
(approximately  0.025  in.)  in  most  models.  The  char  caps  had  adequate  ad¬ 
hesion  to  remain  on  the  cores  during  model  disassembly  but  were  easily 
cleaved  from  the  core,  with  part  of  the  char  remaining  on  the  model  core. 
The  char  remaining  on  the  core  was  scraped  off  before  making  length  and 
weight  measurements. 

Chars  on  the  Modified  Purple  Blend  and  the  G. E.  silicones 
generally  had  two  types  of  appearance,  depending  on  the  exposure  history 
of  the  model.  At  low  heat  fluxes  they  were  black,  carbonized  chars  that 
swelled  during  short  exposure  t imes ,  f ol 1  owed  by  slow  recession  at  longer 
run  times.  Higher  heating  rates  resulted  in  a  grey,  fused  inorganic¬ 
appearing  surface  with  the  indication  that  the  material  was  removed  from 
the  model  by  melting  and  flowing  down  the  sides.  The  pyrolysis  zone  on 
these  materials  was  very  narrow  (0.020  in.)  and  the  chars  could  be  com¬ 
pletely  removed  from  the  cores  without  scraping. 

The  Avcoat  chars  usually  had  a  depression  in  the  .honeycomb  filler 
material,  with  the  honeycomb  web  being  slightly  raised.  There  were  fused 
droplets  of  ino-rganic  material  at  the  model  periphery.  The  char  had  ex¬ 
cellent  adhesion  to  the  substrate  and  required  moderate  scraping  to  remove. 
The  pyrolysis  zone  seemed  wider  in  the  Avcoat  materials  than  in  the  other 
materials,  and  there  was  evidence  that  the  honeycomb  web  preferentially 
conducted  heat  to  the  substrate. 

The  char  densities  were  calculated  for  each  model  and  are  tabu¬ 
lated  in  the  last  column  of  each  table  in  Appendix  D.  Analysis  of  these 
data  indicates  that  the  ablation  process  and  its  effect  on  char  properties 
and  char  dimensions  is  a  continually  changing  balance  of  many  competing 
processes.  External  variables  affecting  char  properties  and  thickness 
are  heat  flux,  stagnation  pressure,  and  run  time  (q,  ,t);  gas  test 

composition  is  also  an  external  variable,  but  since  all  NASA  round-robin 
tests  were  conducted  in  air,  no  statements  can  be  made  on  its  ellects. 
Internal  or  material  factors  affecting  the  charring  process  are  the 
pyrolysis  kinetics  of  the  polymer  and  the  thermal  and  physical  properties 
of  the  char. 


71 


For  a  given  charring  material,  the  char  thickness  appears  to  be 
largely  a  function  of  q,  P  ,  and  t.  At  low  q’s  and  P  's,  the  char  will 
continue  to  increase  in  thickness  as  a  function  of  time.  At  high  q’s  and 
P  ’s,  a  constant  char  thickness  is  rapidly  established,  and  the  front 
surface  recedes  as  rapidly  as  the  char-virgin  material  interface.  Pro¬ 
gressively  higher  q^s  and  P^  ’s  result  in  increasingly  thinner  char  layers 
(AVCO  tests)  until  the  char  thickness  is  effectively  zero  (Cornell  tests). 

The  char  densities  were  found  to  increase  with  increasing  q,  P  , 

2 

and  t.  This  probably  results  from  the  kinetics  of  the  polymer  pyrolysis 

process  and  the  kinetics  of  coke  deposition  within  the  char.  The  char 

density  was  found  to  increase  with  front  surface  temperature  and  mass  loss 

rate,  si.nce  both  are  dependent  on  q  and  P  .  At  a  low  q  and  P  ,  the  char 

*^2  .  .  .  2 

density  was  approximately  four  tenths  of  the  virgin  density,  and  at  ex¬ 
tremely  high  q  and  P^  ,  the  char  density  approached  the  virgin  material 
density.  Char  yield  can  be  calculated  from  char  density  in  two  ways,  de¬ 
pending  on  whether  char  recession  is  allowed  for.  If  it  is,  and  if  the 
virgin  polymer  interface  does  not  recede  at  the  same  rate,  then  char  yield 
will  be  a  function  of  run  time  with  yield  decreasing  as  more  and  more  re¬ 
cession  occurs.  On  the  other  hand,  if  char  yield  is  based  on  the  amount 
of  virgin  polymer  represented  by  the  char  cap,  then  yield  is  directly 
proportional  to  char  density,  and  the  above  remarks  on  effects  of  the 
different  variables  on  density  refer  also  to  char  yield. 

A  density  traverse  of  the  char  layer  was  made  using  the  X-ray 
techniques  described  in  Sec.  III-C,  and  the  results  of  four  of  these  tests 
are  given  in  Fig.  30.  These  curves  show  a  sharp  drop  in  density  close  to 
the  char-virgin  material  interface  which  is  at  the  left  side  of  the  plot. 
This  is  followed  by  an  additional  drop  in  density,  possibly  resulting  from 
the  volatilization  of  ablation  products.  The  density  then  increases,  prob¬ 
ably  resulting  from  cracking  of  the  gases  and  redeposition  of  carbon. 

2 .  Mass  Loss  Rate  Correlations 

In  view  of  the  success  in  relating  the  mass  loss  rate  to  a  power 
function  of  the  environmental  parameters  for  Teflon  and  high-density 
pljenolic-nylon ,  ,  i  t  was  decided  to  use  the  same  approach  for  the  low- 
density  materials.  Stagnation  pressure  was  one  of  these  parameters  in 
almost  every  case.  The  other  parameters  considered  are  discussed  in  the 
following  sections. 
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FIG.  30  DENSITY  PROFILES  OF  HUGHES  LOW-DENSITY 
PHENOLIC-NYLON  CHARS 
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CHAR 


a. 


SRI  Calorimeter  Cold  Wall  Heating  Rate 


The  general  form  of  the  relation  evaluated  was 


a(  q 


)  "(P 

SRI^ 

CW 


(20) 


using  the  correlation  data  from  Appendix  D  for  the  five  low-density 
materials.  The  values  of  the  constants  found,  the  degree  of  correlation, 
and  the  percent  standard  deviation  are  tabulated  below. 


MULTIPLE 

PERCENT 

MATERIAL 

a 

n 

m 

CORRELATION 

STANDARD 

COEFFICIENT 

DEVIATION 

PLL 

0.00465 

0.  36 

0.26 

0.96 

15 

PLH 

0.00388 

0.  36 

0.19 

0.94 

14 

A 

0.00  357 

0.  47 

0.33 

0.97 

16 

SP 

0.000317 

0.81 

0.19 

0.94 

24 

SG 

0.000188 

1.03 

0. 28 

0.92 

36 

0.0060 

0.  57 

0.25 

0.97 

10 

P* 

0.0018 

0.  55 

0.13 

0.96 

10 

* 

Data  from  Phase  I  round  robin. 


The  increased  standard  deviation  for  the  low-density  materials, 
as  compared  to  the  higher  density  materials,  is  not  surprising.  Their 
composition  and  ablated  appearance  is  less  reproducible  and  it  is  more 
difficult  to  measure  linear  dimensions  on  the  charred  core.  In  fact,  at¬ 
tempts  to  correlate  the  pyrolysis  rate,  m^,  as  a  power  function  of  heating 
rate  and  stagnation  pressure  showed  a  poorer  fit  of  18,  20,  and  24  percent 
for  PLL,  PLH,  and  A,  respectively. 

Plots  of  the  correlations  for  the  five  low-density  materials  are 
shown  in  Figs.  31  through  35.  The  MSC-Houst on  subsonic  data  also  shown  on 
each  graph  so  that  they  can  be  compared  to  the  supersonic  results.  The 
subsonic  data  were  not  considered  in  calculating  the  intercept,  exponents, 
and  standard  deviation  for  the  correlations. 

It  is  visually  apparent  that  the  correlations  are  poorest  for 
the  silicone  materials.  Also,  the  exponents  on  heating  rate  and  stagnation 
pressure  vary  from  material  to  material.  This  tends  to  reinforce  the  sug¬ 
gestion  that  the  Teflon  and  high-density  phenolic-nylon  material  should  not 
be  combined  into  a  single  correlation. 
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FIG.  32  MASS  LOSS  RATE  CORRELATION  FOR  HUGHES 
LOW-DENSITY  PHENOLIC-NYLON 
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FIG.  34  MASS  LOSS  RATE  CORRELATION  FOR  MODIFIED  PURPLE  BLEND  SILICONE 
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b.  Facility  Calorimeter  Cold  Wall  Heating  Rate 


Th e  form  of  the  relation  is  essentially  similar  to  that  used  for 
the  SRI  calorimeter  heating  rate  correlation: 

i.  -  a(q„c)“(P.  >■ 

cw 


This  was  evaluated  using  the  regression  program  available  on  the  SRI 
computer  and  the  data  from  Appendix  D.  The  results  are: 

MULTIPLE  PERCENT 


MATERIAL 

a 

n 

m 

CORRELATION 

COEFFICIENT 

STANDARD 

DEVIATION 

PLL 

0.00538 

0.32 

0.  25 

0.95 

15 

PLH 

0.00430 

0.35 

0.20 

0.91 

16 

A 

0.00414 

0.44 

0.33 

0.97 

16 

SP 

0. 000420 

0.75 

0.18 

0.91 

26 

SG 

0.000299 

1.00 

0.34 

0.91 

39 

0.  011 

0.  48 

0.29 

0.98 

11 

p* 

0.0034 

0. 46 

0.18 

0.97 

8 

Data  from  Phase  I  round  robin. 

The  data  scatter  for  the  low-density  materials  is  nearly  the  same  as  when 
the  SRI  calorimeter  is  used,  except  that  the  silicone  materials  show  a 
slightly  poorer  correlation.  As  would  be  expected,  the  constants  are 
roughly  the  same  for  the  two  correlations. 


c.  Measured  Enthalpy  Potential 


The  correlation  evaluated  for  this  environmental  parameter  was 


The  data  from  Appendix  D  were  used  in  the  regression  program  with  the 
following  results: 


MATERIAL 

a 

u 

V 

MULTIPLE 

CORRELATION 

COEFFICIENT 

PERCENT 

STANDARD 

DEVIATION 

PLL 

0.000980 

0.46 

0.47 

0.96 

16 

PLH 

0.000650 

0.48 

0.41 

0.94 

15 

A 

0.000966 

0.52 

0.60 

0.90 

21 

SP 

0.0000133 

0.98 

0.64 

0.92 

28 

SG 

0,00000189 

1.32 

0.86 

0.91 

40 

X* 

0.0017 

0.59 

0.57 

0.92 

21 

p  * 

0.0010 

0.49 

0.41 

0.78 

30 

*  Data  from  Phase  I  round  robin 


80 


The  data  for  the  two  low-density  phenol ic- nyl on  materials  show  nearly  as 
good  a  correlation  as  when  the  cold  wall  heating  rate  is  used.  Greater 
standard  deviations  are  found  for  most  of  the  other  materials. 

d.  Heat  of  Ablation 

A  common  method  of  interpreting  mass  loss  ,data  is  in  terms  of 
the  effective  heat  of  ablation,  H^^^.  This  is  determined  and  related  t'o 
the  measured  enthalpy  potential  as  shown  below: 

(23) 

cw  •  cw 

The  coefficient  Ot  is  derived  to  be  the  heat  necessary  to  raise  the  material 
to  the  ablation  temperature  and  to  decompose  it,  and  thus  is  identical  to 
the  term  defined  earlier  as  whereas  /3  is  a  dimensionless  number  de¬ 

fined  as  the  transpiration  shielding  factor.  A  regression  analysis  of  the 
data  from  Appendix  D,  on  this  basis,  leads  to  the  following  values  for  the 
constants: 


MATERIAL 

a 

/S 

MULTIPLE 

CORRELATION 

COEFFICIENT 

PLL 

5,654 

1.16 

0.67 

PLH 

5,428 

1.03 

0.68 

A 

4,  248 

1.03 

0.78 

SP 

12, 580 

0.476 

0.52 

SG 

14,130 

0.040 

0.03 

It  is  apparent  that  this  is  not  a  suitable  correlation  for  the  data  for 
a  number  of  reasons.  The  multiple  correlation  coefficient  is  so  low  as 
to  suggest  €hat  a  number  of  sets  of  a  and  /3  could  be  used  equally  well. 

A  plot  of  the  best  correlation,  that  for  Avcoat,  is  shown  in  Fig.  36. 

Equation  (23)  for  Avcoat  can  also  be  arranged  for  logarithmic 
plotting  as 

-  4248  =  1.03(Ah^,3j  (24) 

cw 

This  has  been  graphed  in  Fig.  37  and  the  relation  shows  a  standard  devia¬ 
tion  of  34  percent.  This  is  over  twice  the  standard  deviation  of  16  per¬ 
cent  for  the  power  function  correlation  graphed  in  Fig.  33  and  shows  the 
superiority  of  Equation  (20)  over  Equation  (23)  or  (24). 
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FIG.  37  EFFECTIVE  HEAT  OF  ABLATION  CORRELATION 
FOR  AVCOAT  (Logarithmic  Form) 


e.  Dimensionless  Forms  of  Correlations 


As  with  the  Phase  I  round-robin  data,  the  power  function  corre" 
lationscanbe  expressed  in  dimensionless  form.  Thus  Equations  (20)  and  (21) 
can  be  expressed  in  the  same  form  as  Equation  (E-9);  namely, 
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a^77“77' 


q  p 


(25) 


with  the  77-groups  defined  as  in  Equations  (E-4)  to  (E-6).  However,  since 
the  values  of  a^  andAH^^  are  not  known  for  these  materials.  Equation  (25)  must 
be  reduced  to  the  dimens ional  form  shown  in  Equat i on  (E-fbA),  namely, 


(26) 
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In  the  case  of  the  measured  enthalpy  potential  correlation, 
Equation  (22)  can  be  expressed  as 


7T 


m 


V 

p 


(28) 


where 


(Ah)  /ah 

'  '  m  e  a  s' 

CW 


(29) 


and  the  other  7r-groups  are  as  previously  defined  in  Appendix  E.  Expan¬ 
sion  of  this  in  dimensional  form  leads  to 


where 


m 


(Ah 


n,eas)“(Pt,) 
CW  ^ 


V-  1 


a^CS^R.ff)  ■  (AH,)(^/2)-u-v  (K) 


]  -  2  V 


(30) 


(31) 


Since  AHjj  is  not  known,  this  can  be  converted  to 


CW 


(32) 


where 


a(B, „)'■'' 


with  (R,tf)  =  0,172  ft  (33) 


RR 


RR 


Equation  (32)  has  the  same  form  as  Equation  (27)  in  the  Phase  I  report^ 
except  that  the  b  given  there  equals  b^(R^£f)''  ^  here. 
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3.  Temperature  Correlations 


Two  distinct  sets  of  temperature  measurements  were  made  during  the 
Phase  II  round  robin.  These  were  front  surface  temperature  during  ex¬ 
posure  and  internal  temperature  of  the  ablation  model  during  a  run.  The 
results  of  these  measurements  have  been  tabulated  in  Appendix  C.  A  dis¬ 
cussion  ol  these  data  and  of  correlations  based  on  them  follow. 

a.  Front  Surface  Temperature 

As  pointed  out  earlier,  several  optical  techniques  were  used  for 
determining  front  surface  temperature,  and  in  most  cases  the  results  were 
not  directly  comparable.  However,  the  facility  pyrometers  were  previously 
calibrated  in  place  and  the  data  from  these  instruments  were  used  for  cor¬ 
relation  purposes.  Relations  involving  such  factors  as  mass  loss  rate, 
pyrolysis  rate,  heating  rate,  and  stagnation  pressure  were  evaluated,  but 
the  simplest  was 


Tpg"a(mp)'^  (34) 

where  Tpg  is  the  front  surface  temperature  in  degrees  Rankine.  The  re¬ 
gression  analysis  led  to 


MATERIAL 

a 

w 

MULTIPLE 

CORRELATION 

COEFFICIENT 

PERCENT 

STANDARD 

DEVIATION 

PLL 

12,150 

0.26 

0.94 

5 

PLH 

12,440 

0.27 

0.90 

7 

A 

10.780 

0.23 

0.88 

6 

SP 

7,820 

0.17 

0.94 

4 

SG 

5,370 

0.11 

0.84 

5 

P* 

7,510 

0.18 

0.84 

5 

Data  from  Phase  I  round  robin. 


Plots  of  the  correlations  for  these  six  materials  are  given  in 
Figs.  38  through  40.  The  correlation  and  percent  standard  deviation  for 
the  high-density  phenol i c- nylon  were  determined  with  the  General  Electric 
data  excluded.  Their  pyrometer  differed  from  the  other  optical  parameters 
supplied  by  the  various  facilities  during  the  Phase  I  round  robin  in  that 


it  was  a  special,  in-house,  two-color  design.  These  correlations  were 
quite  satisfactory. 
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FRONT  SURFACE  TEMPERATURE - ®R 


TB-45t2-58 


FIG.  38  FRONT  SURFACE  TEMPERATURE  CORRELATION  FOR  LANGLEY 
AND  HUGHES  LOW-DENSITY  PHENOLIC-NYLONS 
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FIG.  39  FRONT  SURFACE  TEMPERATURE  CORRELATION  FOR  AVCOAT 
AND  MODIFIED  PURPLE  BLEND  SILICONE 


As  good  a  correlation  was  obtained  by  replacing  111^  with  m^. 

Other  equally  good  correlations  were 

Tps  -  a(P,^)Mmp)"  (35) 

and 

Tps  =  a(  q  SR  I  ^  t  (^^^ 

cw  ^ 

This  was  expected  since  Tpg  correlates  with  nip  (see  Equation  (21)  or 
and  they  correlate  with  heating  rate  and  stagnation  pressure  (see 
Equation  (20)).  For  Equation  (35),  with  the  pyrolysis  rate,  rlip,  used,  the 


regression  analysis  gave 

MATERIAL  a 

V 

w 

MULTIPLE 

CORRELATION 

COEFFICIENT 

PERCENT 

STANDARD 

DEVIATION 

PLL 

10,980 

o.oar 

0.21 

0.95 

5 

PLH 

10,710 

0.044 

0.20 

0.92 

6 

A 

10,040 

0.039 

0.18 

0.90 

6 

SP 

7,660 

0.012 

0.  16 

0.95 

4 

SG 

5,210 

0.028 

0.072 

0.86 

5 

p* 

7,260 

0.0076 

0.  17 

0.84 

4 

* 

Data  from  Phase  I  round  robin. 

b.  Internal  Temperature  Rise 

A  number  of  the  models  for  all  five  of  the  low-density  materials 
were  internally  instrumented  with  thermocouples.  The  method  of  preparing 
these  models  and  the  information  obtained  have  been  described  earlier. 

(1)  Any  Temperature  Rise.  Of  considerable  interest  in  ablation 
design  is  the  thickness  of  a  given  material  required  to  prevent  the  bond 
line  from  reaching  a  given  temperature  before  a  given  time.  It  was  there¬ 
fore  decided  to  try  correlating  thermocouple  position,  x  (in  inches),  with 
the  time  to  reach  a  given  temperature,  t  (seconds  for  a  temperature  rise 
of  (At),  and  the  environmental  parameters  of  heating  rate  and  stagnation 
pressure.  The  form  of  the  relation  evaluated  was 

^  )''(qsRi)'(t)‘'(AT)'  (37) 

^  cw 
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Approximately  six  points  from  each  temperature  profile  given  in  Appendix  C, 


covering  the 

r  ange 

from  low  temperature 

rises 

to  values  of 

approximate 

1200°F,  were 

us  ed  i 

n  the  r 

egres  si 

on  ana 

lysis. 

The  results 

were 

MATERI AL 

a 

b 

c 

d 

e 

MULTIPLE 

CORRELATION 

COEFFICIENT 

PERCENT 

STANDARD 

DEVIATION 

PLL 

0.034 

0.053 

0.  30 

0.63 

-0.28 

0.93 

13 

PLH 

0.056 

0.035 

0.  15 

0.  58 

-0.24 

0.97 

9 

A 

0.037 

0.018 

0.27 

0.60 

-0.26 

0.92 

14 

SP 

0.072 

0.022 

0.18 

0.52 

-0.  30 

0.95 

12 

SG 

0.  12 

0.031 

0.098 

0.54 

-0.28 

0.97 

8 

A.  J.  Chapman  interprete*d  model  temperature  data  in  a  similar  way.  For 

a  low-density  phenolic-nylon  prepared  at  Langley  {p  ~  39  Ib/ft^),  his 

relation,  converted  to  be  comparable  to  Equation  (37),  was 

X  =  0.013  q  0.  3  9^  0  .  8  9^-p- 0 .  3  9  _  This  is  not  far  different  from  the  values 

for  phenolic -nylon  (PLL)  when  one  considers  that  the  experiments  were 

performed  in  a  subsonic  facility  with  an  invariant  stagnation  pressure 

of  one  atmosphere.  Therefore,  P  could  not  be  included  in  the  relation. 

2 

Recently,  postlaunch  reports  have  become  available  for  several 
of  the  unmanned  Apollo  spacecrafts  which  used  Avcoat  (A)  for  the  ablating 
material  on  the  heat  shield.  Data  from  these  manned  Spacecraft  Center 
Reports^^’^  were  used  in  Equation  (37)  along  with  the  above  constants  for 
Avcoat  (A)  to  predict  the  positions  of  the  600  and  1000°F  isotherms. 

These  predictions  are  listed  with  the  NASA  predictions  and  measured  depths 
in  Table  V.  They  compare  very  favorably. 

( 2 )  Temperature  Rise  of  250°F.  A  more  limited  correlation  was 
tried  in  which  the  temperature  rise,  AT,  was  250°F;  for  this,  the  time  was 
designated  The  form  of  this  relation  was 

^  (38) 

^  cw 

The  regression  analysis,  using  the  time  to  a  250°F  temperature  rise  at 
each  thermocouple  position,  as  tabulated  in  Appendix  C,  led  to 


MATERIAL 

a 

b 

c 

d 

MULTIPLE 

CORRELATION 

COEFFICIENT 

PERCENT 

STANDARD 

DEVIATION 

PLL 

0.014 

0.083 

0.  18 

0.61 

0.97 

8 

PHL 

0.017 

0.079 

0.  14 

0.60 

0.99 

5 

A 

0.023 

0.105 

0.15 

0.62 

0.99 

6 

SP 

0.0082 

0.016 

0.26 

0.54 

0.97 

9 

SG 

0.033 

0.065 

0.046 

0.55 

0.99 

2 
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Table  V 

PREDICTED  AND  MEASURED  ISOTHERMS  FOR  AVCOAT  MATERIAL  ON  APOLLO  MISSIONS 


As  expected,  the  multiple  correlation  coefficient  rises  and  the  percent 
standard  deviation  drops,  as  compared  to  the  correlation  given  in 
Equation  (37),  since  one  would  predict  from  one-dimensional  heat  transfer 
theory  that  AT  would  enter  into  the  relation  in  a  more  complex  way  than  a 
simple  power  function. 

A  plot  of  this  correlation  was  difficult  to  make  with  these  data 
because  the  various  thermocouple  positions  were  essentially  the  same  in  all 
models,  causing  the  points  to  bunch  up  at  these  values  of  x.  For  this 
reason,  the  relation  was  inverted  to  make  t25o  the  dependent  variable,  as 
f ol lows : 

^  2  5  0  ""  ""^^  2  5  0  ^ 

^  C  W 

Results  of  the  regression  analysis  were 


MATERIAL 

a 

b 

c 

d 

MULTIPLE 

CORRELATION 

COEFFICIENT 

PERCENT 

STANDARD 

DEVIATION 

PLL 

1110 

-0.26 

-0.  33 

1.  54 

0.98 

13 

PLH 

930 

-0.  13 

-0.25 

1.62 

0.99 

8 

A 

470 

-0.16  6 

-0.25 

1.  58 

0.99 

9 

SP 

7250 

+0.0074 

-0.53 

1.70 

0.97 

16 

SG 

370 

-0.12 

-0.087 

1.81 

0.99 

5 

The  constants  and  exponents  are  not  directly  convertible  between 
Equations  (38)  a;id  (39)  because  the  regression  analysis  maximizes  the 
multiple  correlation  coefficient  for  the  dependent  variable.  The  closer 
this  coefficient  is  to  unity,  however,  the  better  is  the  conversion  between 
the  constants  and  the  exponents.  The  difference  in  percent  standard  devia¬ 
tion  also  arises  from  the  fact  that  it  is  calculated  for  the  dependent 
variable,  and  t25o  more  sensitive  to  ^250  (because  the  coefficient  d 
in  Equation  (39)  is  greater  than  unity)  than  vice  versa. 

The  correlation  given  in  Equation  (39)  is  graphed  in  Figs.  41 
through  45  for  the  various  materials.  It  should  be  remembered  that  in  all 
cases  the  thickness  represented  by  ^250  converted  to  weight  per  unit 

area,  ^2S0  pounds  per  square  foot),  by  use  of  the  polymer  density, 

(in  pounds  per  cubic  foot).*  Thus, 

W250  =  X25o(Pvr/12)''''  (40) 

*  Polymer  densities  are  given  in  Table  I. 
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TIME  FOR  THERMOCOUPLE  TO  INCREASE 
250“^  -  sec 


10  100 

1109  (X)'  ®V  (P,  (<isRi)°  ”  -  (in.)/(atm)(Btu/ft^sec) 

'  '  CW^ 

TA-4512-65 


FIG.  41  INTERNAL  TEMPERATURE  CORRELATION 

FOR  LANGLEY  LOW-DENSITY  PHENOLIC-NYLON 
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100 


10 


100 

(i  n.  )/  (atm)(Btu/ft^  sec) 

T4-45I2-67 


FIG.  44  INTERNAL  TEMPERATURE  CORRELATION 
FOR  MODIFIED  PURPLE  BLEND  SILICONE 
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o 

o 


LiJ 

I- 


TA-4512-68 


FIG.  45  INTERNAL  TEMPERATURE  CORRELATION 
FOR  GENERAL  ELECTRIC  SILICONE 


c.  Dimensionless  Forms  of  Correlations 

The  development  of  dimensionless  forms  for  the  temperature  cor¬ 
relations  involve  additional  variables  over  those  considered  in  the  mass 
loss  cases.  These  additional  variables  differ  lor  the  two  cases  of 
concern:  front  surface  and  internal  temperature. 

(1)  Front  Surface  Temperature.  The  variables  considered  in  the 
dimensional  analysis  are  similar  to  those  listed  in  Appendix  E,  except  for 
the  elimination  of  the  mass  loss  rate,  mj.,  and  its  dimensionless  group, 

7T  since  it  is  a  function  of  w  and  tt  In  addition,  new  variables  to  be 
added  are  the  front  surface  temperature,  Tpg,  and  the  emissivity  ot  the 
ablating  surface,  e.  The  units  for  these  variables  are. 


VARIABLES 


UNITS 


CONVERTED 

VARIABLES 


CONVERTED 

UNITS 


These  involve  one  additional  dimension,  temperature,  and  so  one  additional 
dimensionless  group  is  required  (=2  -  1).  This  group  is 

77^  =  (eaT^sS^R,ff)/(AHi-^K)  (41)* 

The  St e f an- Bol t zmann  constant,  cr ,  is  a  conversion  factor  having 
the  following  value 

a  =  4.76  X  10' ^  Btu/ft^  sec  °R'‘ 

In  its  converted  variable  form,  it  becomes  crj^g^  with  units  of  Ib/sec^  R'‘ 
Definitions  of  and  g^  are  given  in  Equation  {E-3A)  of  Appendix  E. 

Neglecting  the  Fay-Riddell  group,  for  the  experiments  per¬ 

formed  under  supersonic  flow  conditions,  the  correlation  relation  might  be 


bU  V 

O^q^p 


See  Equation  (E-3B)  of  Appendix  E  for  the  definition  of  the  conversion  factor  K. 
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However,  there  is  already  a  power  function  relation  between  the  last  two 
77-groups  and  77^  (see  Equation  (20)),  and  so  one  of  them,  tt^,  can  be 
eliminated  to  give 


77 

s 


Cr^Tf^TJ 
0  P 


y 

m 


(43) 


Since  AHq  is  still  not  known  for  these  materials,  expansion  of 
this  relation  into  a  dimensional  form  leads  to 


(44) 


where  y  =  4w  in  Equation  (34)  and  “a”  is  the  same  as  in  Equation  (45A) 
except  that  z  is  set  to  zero.  The  exponents  given  for  these  cases  and 
their  converted  values  are  given  below,  where  it  is  seen  that  v  is  in¬ 
deed  relatively  small. 


Equations  (35  and  (44) 


Equations  (34) 
and  (46) 


T 

^FS 

a(P,  )^m  ] 

T  = 
FS 

a(mp) 

Mat  eri al 

V 

w 

z  =  4v 

y  =  4w 

w 

y  =  4w 

PLL 

0.031 

0.21 

0.13 

0.84 

0.26 

1.04 

PbH 

0.044 

0.20 

0.18 

0.80 

0.27 

1.08 

A 

0.039 

0. 18 

0.16 

0.72 

0,23 

0.92 

SP 

0.012 

0.16 

0.048 

0.64 

0.17 

0.68 

SG 

0,028 

0.072 

0.12 

0.29 

0.11 

0.44 
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The  values  of  a,  v,  and  win  Equations  (34)  and  (35)  when  the  mass 
loss  rate,  m^,  is  used  in  the  correlations  are  given  in  Table  VI.  This  table 
also  gives  the  values  of  a,  n,  and  m  for  Equation  (36),  It  should  be  remembered 
that  these  are  directly  interconvertible  with  Equation  (11)  because  of  the 
emphasis  the  regression  program  puts  on  the  dependent  variable  in  determining 
the  best  correlation. 


Table  VI 


CONSTANTS  FOR  ADDITIONAL  FRONT  SURFACE  TEMPERATURE  CORRELATIONS 


A.  Equation  (34)  Tpg 


a(  m 


w 


MATERIAL 


MULTIPLE  PERCENT 

CORRELATION  STANDARD 

COEFFICIENT  DEVIATION 


PLL 

11,260 

0.23 

0.90 

6 

PLH 

13,480 

0.28 

0.91 

6 

A 

7,990 

0.16 

0.86 

6 

SP 

7,410 

0.15 

0.96 

3 

SG 

5,000 

0.082 

0.89 

4 

Equation  (35)  Tpg 

MATERIAL 

=  a(P, 

a 

V 

w 

MULTIPLE 

CORRELATION 

COEFFICIENT 

PERCENT 

STANDARD 

DEVIATION 

PLL 

10,260 

0.019 

0.19 

0.91 

6 

PLH 

12,530 

0.017 

0.25 

0.91 

6 

A 

8,620 

0.026 

0.20 

0.87 

6 

SP 

7,530 

-0.016 

0.17 

0.96 

3 

SG 

5,010 

0.0067 

0.076 

0.90 

4 

Equation  (36)  Tpg 

MATERIAL 

a( 

a 

qsRi)"(Pt  )"■ 

CW  2 

n 

m 

MULTIPLE 

CORRELATION 

COEFFICIENT 

PERCENT 

STANDARD 

DEVIATION 

PLL 

2,870 

0.10 

0.052 

0.94 

5 

PLH 

2,600 

0.  12 

0.055 

0.93 

5 

A 

2,280 

0.13 

0.025 

0.90 

6 

SP 

2, 110 

0.  13 

0.028 

0.93 

5 

SG 

2,680 

0.077 

0.032 

0.88 

4 

p* 

2,  530 

0.096 

0.032 

0.80 

5 

* 

Data  from  Phase  I  round- robin. 
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(2)  Internal  Temperature  Rise.  In  this  dimensional  analysis, 

two  variables — the  front  surface  temperature,  Tpg,  and  its  related  term, 

e, — can  be  dropped  since  their  dimensionless  group,  77^,  is  a  function  of 

77  and  77  and  can  be  eliminated.  The  five  new  variables  to  be  considered 
q  p 

are  the  position,  x,  at  which  a  given  temperature  rise,  AT,  has  taken 
place  at  a  given  time,  t,  the  heat  capacity,  C^,  and  the  density  of  the 
virgin  polymer,  The  units  of  these  variables  are 


Variables 

Units 

Converted 
Variabl es 

Converted 

Units 

X 

ft 

X 

ft 

aT 

“F 

aT 

t 

sec 

t 

sec 

c 

p 

Btu/lb  °F 

r  2  y  2  0. 

ft  /sec 

^VR 

Ib/ft^ 

^VR 

Ib/ft^ 

A  net  of  three  new  variables  has  been  added  without  any  change  in  the 
number  of  dimensions,  and  there  is  one  dimensionless  group  to  be  replaced, 
77^;  thus  four  (3  +  1)  new  dimensionless  groups  are  required.  In  their 
simplest  form,  these  are 


77^  =  C  AT/AHd 


77,  =  tCAHoJ^g,)®-  VReff  (49)* 

~  ^VR^fiRe  f  fRpS  c  (50) 

The  numerator  of  the  second  of  these  (48)  represents  the  heat  stored  in 
the  virgin  polymer  per  unit  mass  and  is  the  cause  of  the  temperature  rise. 
Other  variables  might  be  considered,  such  as  those  to  allow  for  conductive 
heat  flow,  but  this  would  require  definition  of  another  temperature  dif¬ 
ference  and  does  not  add  new  information. 

The  correlation  proposed  is 


See  Equation  (E-3A)  of  Appendix  E  for  definitions  of  conversion  factors  ,  J^,  and  Fp 
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gg  =  bg(CpAT/AHp)'  and  AT  =  250°F  .  (57) 

The  value  of  the  exponent  f  is  almost  impossible  to  determine 
since  density  cannot  be  changed  enough  to  determine  its  effect  without 
also  affecting  other  properties  of  the  material.  However,  the  success 
in  using  Equation  (40)  to  predict  isotherms  in  the  Apollo,  which  has  a 
very  much  larger  effective  radius  than  the  models  tested  in  this  program, 
would  suggest  that  the  exponent  on  f f  is  very  small.  If  it  is  assumed 
to  be  zero,  then  f  is  approximately  equal  to  d  -  1  -  b  -  c. 


4.  Comparative  Ablation 

The  correlations  reported  in  the  previous  sections  permit  comparison 
of  the  ablation  behavior  of  the  materials  studied  as  a  function  of 


environment . 


Mass  Loss  Rate 


Figure  46  is  a  logarithmic  plot  of  Equation  (58)  based  on  the  values  of 
constants  in  Equation  (20)  for  the  five  low-density  materials.  Stagnation 
pressure  values  of  0.03  and  0.3  atm  were  assumed,  and  Dgf£  was  taken  to 
be  the  same  as  the  1.25-in.  flat-face  model,  i.e.,  0.172  ft. 

At  the  lower  pressures  (i.e.,  higher  altitudes)  the  silicone 
materials,  SP  and  SG,  show  much  lower  mass  loss  rates  at  low  enthalpies 
(i.e.,  low  flight  velocities).  At  higher  enthalpies,  however,  the  low- 
density  phenolic-nylons,  PLL  and  PLH,  have  the  lowest  rates,  followed 
closely  by  A v coat  (A).  With  higher  stagnation  pressures,  representing 
lower  altitudes,  the  low-density  phenolic -nylons  are  best,  across  almost 
the  entire  range  of  enthalpies. 

The  behavior  of  high-density  phenolic-nylon  (P)  and  Teflon  (T) 
is  also  shown  at  the  higher  stagnation  pressure.  The  Teflon  shows  very 
poor  performance,  but  the  high-density  phenolic-nylon  is  better  than  the 
silicones  at  high  enthalpies.  One  factor  not  considered  here  is  the 
threshold  stagnation  pressures  at  which  mechanical  forces  markedly  in¬ 
crease  the  mass  loss  rate.  This  appears  to  occur  at  lower  pressures  for 
the  low-density  materials  so  that  high-density  phenolic-nylon  may  behave 
better  at  higher  pressures. 
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VELOCITY  - ff/sec 


2.5  16 


31.75  39  X  10' 


/ 

/ 

/  T 


X  / 

/  /- 

/  /  A 

/  /' 


- STAGNATION  PRESS,  Pf^  =  0.03  atm _ 

- STAGNATION  PRESS,  P,  =  0.3  otm 

2 

PLL  LANGLEY,  P-N  SCOUT  R/4B 

PLH  HUGHES,  P-N  H-5 

A  AVCOAT  5026-39  HC/G 

SP  MODIFIED  PURPLE  BLEND  E4AI 

SG  GENERAL  ELECTRIC  SILICONE  ESM  I004AP 

T  TEFLON  TFE 

P  HIGH-DENSITY  PHENOLIC-NYCON 
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OMPARATIVE  ABLATION  OF  LOW-DENSITY  MATERIALS 


ALTITUDE 


b.  Front  Surface  Temperature 


Relation  of  pyrolysis  rate  to  front  surface  temperature  is  given 
by  Equation  ( 34  ) : 

Tps  =  a(mp)"  .  (34) 

The  constants  for  the  various  materials  can  be  used  to  calculate  the 
pyrolysis  rate  at  several  values  of  Tpg.  The  results  are  tabulated  below. 


mp(lb/ft^  see) 


MATERIAL 

Tps  =  2000°  F 

Tps  =  4000  F 

PLL 

0.0021 

0.021 

PLH 

0.0025 

0.022 

A 

0.0016 

0.022 

SP 

0.0011 

0.037 

SG 

0.00085 

■  0.19 

P 

0.0021 

0.055 

This  again  shows  that  at  the  lower  thermal  environments  the  silicone 
materials,  SP  and  SG,  perform  best;  i.e.,  they  have  the  lowest  pyrolysis 
rates  by  a  factor  of  two  or  three.  At  the  higher  front  surface  tempera¬ 

ture,  4000°F,  their  behavior  is  reversed,  and  they  show  the  highest 
pyrolysis  rates. 

The  marked  change  in  pyrolysis  rate  with  temperature  is  un¬ 
doubtedly  related  to  the  chemical  reactions  involving  silicon,  oxygen, 
and  carbon.  Below  the  melting  point  of  silica,  and  this  is  intermediate 
to  the  two  temperatures  selected  for  the  above  tabulation,  the  surface  is 
protected  by  silica  and  some  silicon  carbide.  The  latter  is  formed  with 
the  evolution  of  carbon  monoxide.  Above  the  melting  point,  however,  the 
silica  reacts  with  carbon  to  form,  in  addition,  liquid  silicon  and  gaseous 
silicon  monoxide  which  are  rapidly  removed  from  the  surface. 

c.  Internal  Temperature  Rise 

The  heat  rejection  and  insulating,  power  of  the  various  materials 
is  best  represented  by  the  internal  temperature  correlation  Equation  (39), 
as  follows; 
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Again  using  the  Fay- Bi  ddel  1  relation,  rr  ^  =  1,  to  express  this  in  terms 
of  enthalpy  potential,  this  becomes 


g(p  )bMc/2)(^^ 

°  t  n  cal 

CW 


^  2  5  0  ^ 


g  =  .  (61) 

The  time  for  the  250°F  isotherm  to  reach  a  position  of  0.4  in.  back  of 
the  front  surface  has  been  calculated  at  a  stagnation  pressure  of  0.03  atm 
and  an  B^ ^ ^  of  0.172  ft  for  two  different  enthalpies.  The  results  based 
on  the  constants  found  for  Equation  (39)  are  tabulated  below. 


^250  ^ 


MATERIAL 


=  0.4 


_ ^250  _ 

=  3000  =  30,000 

CW 


PLL 

1.  19 

180 

86 

PLH 

1.  18 

120 

69 

A 

1.03 

72 

41 

SP 

1.11 

190 

58 

SG 

1.  22 

74 

60 

The  best  insulator  over  the  range  of  enthalpies  is  the  Langley  low-dbnsity 
phenolic-nylon  (PLL);  the  poorest  is  Avcoat  (A),  probably  because  of  con¬ 
duction  along  the  web. 

The  lower  density  of  the  Avcoat  material  can  be  taken  into  ac¬ 
count  by  selecting  material  depths  that  give  the  same  weight  loading. 

When  this  is  done,  the  tabulation  becomes 


■250 


MATERIAL 

W250  =  1.03  Ib/ft^ 

Ah^^jc  =  3000 

CW 

c  a  1 c 

CW 

PLL 

0.35 

140 

69 

PLH 

0.35 

97 

56 

A 

0.  40 

72 

41 

SP 

0.37 

167 

51 

SG 

0.34 

54 

44 

=  30,000 


The  comparative  performance  of  Avcoat  improves  in  this  case,  but  not  suf¬ 
ficiently  to  outrate  the  other  materials  at  high  enthalpies. 


106 


V  CONCLUSIONS  AND  RECOMMENDATIONS 


The  results  of  the  Phase  II  round  robin  confirm  the  earlier  findings 
that  the  mass  loss  rates  of  a  given  material  can  be  correlated  in  terms 
of  heating  rate  and  stagnation  pressure.  This  is  based  on  more  extensive 
measurements  over  a  wider  range  of  variables.  It  was  also  again  confirmed 
that  determination  of  enthalpy  by  the  energy  balance  method  is  not  satis¬ 
factory.  This  is  particularly  true  when  the  plasma  stream  exhibits  heat¬ 
ing  rate  and  stagnation  pressure  gradients  as  was  found  for  many  of  the 
facilities  used  in  this  study. 

The  use  of  a  standard  calorimeter  helped  in  the  interrelating  of 
results,  but  the  use  of  a  standard,  calibrated,  total  radiation  pyrometer 
to  measure  front  surface  temperature  was  successful  only  when  calibrated 
properly  to  account  for  the  actual  paths  and  viewing  angles.  Dimensional 
analysis  shows  that  the  Phase  I  round-robin  data,  for  both  Teflon  and 
high-density  phenoli c- nylon ,  can  be  correlated  by  a  single  dimensionless 
relation  in  which  the  values  for  certain  constants  vary  for  each  material. 
One  of  these,  namely,  the  overall  heat  of  decomposition  of  the  material, 
cannot  easily  be  determined  separately,  and  for  this  reason  the  dimension¬ 
less  form  is  converted  to  a  dimensional  relation  by  including  this  constant 
in  another  constant  term.  The  latter  relation  permits  proper  allowance 
for  the  effective  radius  of  the  model  in  interpreting  the  data.  The 
success  of  the  dimensional  relation  in  correlating  literature  data,  which 
cover  a  thi rt y- f i ve- fol d  range  of  effective  radii,  confirms  this  allowance. 

The  high  stagnation  pressure  runs  in  Phase  II  fit  the  Phase  I  corre¬ 
lation,  in  the  case  of  Teflon,  up  to  pressures  of  33  atm.  The  high-density 
pheno li c- nylon  data,  on  the  other  hand,  showed  rapidly  increasing  mass  loss 
rates  at  pressures  above  2.7  atm.  The  latter  data  can  be  correlated 
successfully,  however,  in  terms  of  a  mechanical  stress  at  which  failure 
of  the  char  occurs.  This  is  confirmed  by  the  fact  that  these  models 
showed  essentially  no  char  layer  after  testing. 

The  mass  loss  rate  correlations  for  the  low-density  materials  show 
the  same  form  but  different  exponents  than  exhibited  by  the  correlations 
for  the  high-density  materials.  The  silicone  materials  do  not  correlate 


as  well  as  the  low-density  phenolic-nylon  or  Avcoat  because  there  is 
evidence  of  an  ablation  mechanism  change  over  the  range  of  test  environ¬ 
ments. 

Analogous  correlations  were  obtained  for  front  surface  temperature 
and  internal  temperature  rise  for  the  low-density  materials,  and  these 
can  be  derived,  except  for  the  values  of  the  constants,  by  dimensional 
analysis.  These  three  types  of  correlations  can  be  used  for  predicting 
the  performance  of  these  materials,  and  also  for  comparing  their  ablation 
behavior  under  different  environments. 

Attempts  to  include  subsonic  data  in  these  correlations  were  unsuccess¬ 
ful  because  only  one  facility  was  involved  and  a  broader  range  of  frac¬ 
tional  Mach  numbers  could, not  be  studied. 

Based  on  the  results  of  the  Phase  II  round  robin;  it  is  recommended 
that  the  following  areas  be  studied  further: 

1.  Determination  of  the  critical  stagnation  pressure  at  which  char 
failure  begins  for  the  low-density  materials 

2.  Evaluation  of  other  means  than  the  use  of  energy  balance  to 
obtain  accurate  enthalpy  measurement 

3.  Further  correlation  of  available  data  and  interpretation  of  the 
dimensionless  correlations  in  terms  of  fundamental  mechanisms 

4.  Evaluation  of  techniques  for  independently  obtaining  overall 
heat  of  decomposition  for  materials 

Perhaps  the  most  important  recommendation  of  all  is  the  following 
one  suggested  by  success  of  the  present  program  in  showing  that  ablation 
results  from  different  hyper thermal ,  convective  test  facilities  can  be 
in terrel at  ed . 

5  Establishment  of  a  round-robin  program  to  determine  whether 

ablation  results  from  facilities  having  combined  radiative  and 
convective  test  devices  can  be  interrelated. 
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APPENDICES 


The  appendices  contain  detailed  information  about  the  test  facilities 
and  the  data  gathered  at  each,  plus  new  correlations  for  the  data  from  the 
Phase  I  round-robin  study.  The  specific  appendices  are  as  follows:  * 

Appendix  A  -  Facility  Information  and  Instrumentation  Used 
for  Phase  II  NASA  Round-Robin  Ablation  Tests 

Appendix  B  -  Phase  II  Tunnel  Calibration  and  Test  Data 

Appendix  C  -  Model  Temperature  Data 

Appendix  D  -  Summary  of  Phase  II  Correlation  Data 

Appendix  E  -  Dimensionless  Correlation  of  Previous  Data 

The  first  two  appendices  are  organized  primarily  by  facility,  listed 
in  the  following  order: 

1.  Gas  Dynamic  Branch,  Ames  Research  Center-NASA 
(GDB-Ames) 

2.  Magneto  Plasma  Dynamics  Branch,  Ames  Research 
Center-NASA  (MPDB-Ames) 

3.  Applied  Materials  and  Physics  Division,  Langley 
Research  Center-NASA  ( AMPD- Langl ey ) 

4.  Entry  Structures  Branch,  Langley  Research  Center- 
NASA  ( ESB- Lang  ley ) 

5.  Manned  Spacecraft  Center-NASA  ( MSC- Subsoni c ) 

6.  Manned  Spacecraft  Center-NASA  ( MSC - Supe r soni c ) 

7.  Aerotherm  Corporation  (Aerotherm) 

8.  Avco  Corporation  (AVCO) 

9.  Giannini  Scientific  Corporation  (Giannini) 

10.  Martin  Company  (Martin) 

11.  Space  General  Corporation  (Space  General) 

12.  Cornell  Aeronautical  Laboratory  (Cornell) 

The  abbreviation  used  to  designate  the  facility  in  tables  and  graphs  is 
given  in  the  parentheses  following  each  listing. 


The  next  two  appendices  are  organized  primarily  by  test  material. 
Specifically  these  are: 

a.  Langley  Pheno 1 ic -Nylon ,  Scout  R/4B  (PLL) 

b.  Hughes  Phenolic-Nylon,  H-5  (PLH) 

c.  Avcoat  5036-39,  HC/G  (A) 

d.  Modified  Purple  Blend  Silicone,  E4A1  (SP) 

e.  G.  E.  Silicone,  ESM  1004AP  (SG) 

f.  Teflon,  TFE  (T) 

g.  High-Density  Phen.o li c -Nylon  (P) 

The  symbols  in  the  parentheses  are  those  used  to  designate  these  materials 
and  are  part  of  the  model  number  used  in  the  tables. 


112 


APPENDIX  A 


FACILITY  INFORMATION  AND  INSTRUMENTATION  USED  FOR 
PHASE  II  NASA  ROUND-ROBIN  ABLATION  TESTS 


Appendix  A  tabulates,  by  facility,  a  description  of  each  plasma  arc 
jet  heater.  The  tables  first  describe  the  arc  heater  and  power  supply, 
then  nozzle  and  test  chamber  dimensions,  as  well  as  the  vacuum  system 
and  insertion  capability.  The  section  of  the  table  on  instrumentation 
describes  the  instruments  or  procedures  used  to  measure  the  parameters 
indie  at ed . 
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FACILITY  INFORMATION  AND  INSTRUMENTATION  USED  FOR  PHASE  II  NASA  ROUND- ROBIN  ABLATION  TESTS 


Multiple  Model  Ii 
Capability,  Maxii 


Fi sher- Porter  rotometers  Differential  pressure  across  Turbine  type  flow  meter  Airtronics  turbine 
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Camera  Giann: 
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Miiliken  Milliken  Triad  Photosonics.  IB,  16  mm  Bolex  Reflex,  300  mm  lens 

32  fps 


Multiple  Model  Insertion 
Capability,  Maximum  per  Run 
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APPENDIX  B 


PHASE  II  TUNNEL  CALIBRATION  AND  TEST  DATA 


This  appendix  contains  separate  tables  of  the  data  reported  by  each 
participating  facility,  plus  the  measurement  data  on  all  models  that  were 
determined  at  the  Institute.  The  latter  data  constitute  the  last  five 
columns  of  the  tables. 

The  calibration  runs  were  assigned  numbers  by  the  Institute  so  that 
they  could  be  identified  in  the  text.  Pertinent  remarks  applicable  to 
specific  columns  of  data  are  indicated  in  the  footnotes. 
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Tabl e  B- 1 

TUNNEL  CALIBRATION  AND  TEST  DATA  REPORTED  BY  GAS  DYNAMICS  BRANCH, 

AMES  RESEARCH  CENTER^NASA 

Ref:  Letter  Report  by  C.  A.  Syvertson,  Ames  Research  Center,  December  2,  1966 


MODEL 

NO. 

AVERAGE  ENTHALPY 
ht  (Btu/lb) 

(1)  (2)  (3) 

HEAT  TRANSFER  RATE 

a 

( Btu/ ft  sec ) 

Cal orimet  er 

MODEL 

STAGNATION 

PRESSURE 

"t. 

PLENUM 

PRESSURE 

(  atm) 

F 

(4) 

aci  1  i ty 

(5)  (6) 

SRI 

z 

(  atm) 

Langley  Phenolic-Nylon 
Scout  rV' 4B 

PLL54 

PLL57 

PLL96 

PLL58 

PLL59 

PLL60 

PLL61 

10,430 

10,430 

10,670 

25,700 

25,700 

15,360 
15, 360 

10, 170 
10,170 
10,670 

22,830 

22,830 

16,590 

16,590 

143 

143 

145 

240 

240 

300 

300 

67.6 

67.6 

68.5 

113.5 
113.  5 

141.9 

141.9 

84 

84 

89 

128 

128 

190 

190 

.77 

77 

85 

118 

118 

178 

178 

0.0106 

0.0106 

0.0109 

0.0106 

0.0106 

0.0182 

0.0182 

0.235 

0.23-5 

0.248 

,0.300 

0.300 

0.435 

0.435 

Avcoat  5026-39 

A53 

9,984 

10,170 

147 

69.5 

78 

0.0108 

0.234 

A54 

9,984 

10,170 

147 

69.5 

78 

■•III 

0.0108 

0.234 

A61 

10,707 

10,670 

140 

66.2 

85 

81 

0.0109 

0.  248 

A93 

10,449 

10,750 

132 

62.4 

86 

89 

0.0108 

0.250 

A55 

23,920 

22,120 

259 

122.5 

143 

121 

0.0102 

0.314 

A56 

23,920 

22,120 

259 

122..5 

143 

121 

0.01Q2 

0.314 

A57 

15, .330 

16,670 

349 

165. 

183 

177 

0.0185 

0.438 

A60 

15, 330 

16,670 

349 

165. 

183 

177 

0.0185 

0.438 

Modified  Purple  Blend 

SP48 

10,134 

10,170 

148 

70. 

80 

73 

0.0105 

0.234 

Silicone  E4A1 

SP49 

10,134 

10, 170 

148 

70. 

80 

73 

0.0105 

0.234 

SP96 

10,678 

133 

62.9 

85 

87 

0.0109 

0.248 

SP51 

23,  34*0 

21,850 

146 

114 

0.0097 

0.  312 

SPS2 

23,340 

21,850 

146 

114 

0.0097 

0.  312 

SP50 

15,970 

16,480 

,338 

159.8 

196 

172 

0.0185 

0.431 

G.  E.  Silicone 

SG35 

10,153 

10,069 

152 

71.9 

81 

89 

0.0106 

0.  231 

ESM  1004AP 

SG39 

10,749 

10,670 

146 

69. 

86 

87 

0.0106 

0,  248 

SG36 

24,010 

22,120 

259 

122.5 

138 

120 

0.0098 

0.  314 

SG37 

24,010 

22,120 

259 

122.5 

138 

120 

0.0098 

0.314 

SG38 

15,510 

16,590 

358 

169.3 

183 

170 

0.0183 

0.435 

SG44 

15,510 

16,590 

358 

169.3 

183 

170 

0.0183 

0.435 

Hughes  Phenolic-Nylon 

PLH6 

10,216 

10,170 

144 

68.  1 

78 

78 

0.0106 

H-5 

PLH98 

10,322 

10,730 

142 

67.1 

89 

85 

0.0111 

PLH42 

24,970 

22,750 

273 

129. 

147 

125 

0.0102 

PLH43 

24,970 

22,750 

273 

129. 

147 

125 

0;0102 

0.316 

PLH24 

15,870 

16,620 

345* 

163.  1 

188 

166 

0,0185 

0.436 

PLH50 

15,870 

16,620. 

345 

163.1 

188 

166 

0.0185 

0.436 

Calibration  Runs 

Cl 

11,254 

11,030 

6,915 

143 

67.7 

82 

82 

0.0105 

0.235 

C2 

15,571 

15,400 

9,210 

173 

81.5 

103 

96 

0.0098 

0.260 

C3 

18,025 

9,770 

196 

92.8 

120 

iEni 

0.0097 

0.275 

C4 

22,120 

11,760 

211 

99.9 

134 

117 

0.0097 

0.290 

C5 

24,023 

21,580 

11,410 

225 

106.5 

142 

124 

0.0094 

0.301 

C6 

25,580  i 

23,490 

11,740 

224 

115.5 

148 

134 

0.0101 

0.  312 

C7 

8,194  , 

8,100 

5,800 

160 

75.8 

94 

89 

0.0140 

0.326 

C8 

12,770  i 

12,690 

8,070 

.265 

125.5 

154 

150 

0.0162 

0.  329 

C9 

16,530  1 

17,090 

9,720 

352 

166.7 

208 

183 

0.0189 

0.428 

CIO 

6,340 

135 

63.9 

84 

80 

0.0106 

0.  240 

Cll 

25,154  i 

22,640  1 

11,180 

263  , 

12  4.6 

154 

126 

0.0099 

0.309 

(1)  Enthalpy  measured  by  energy  balance  method,  average  enthalpy  at  reservoir  entrance,  i.e.  ,  arc  heater  exit. 

(2)  Enthalpy  of  free  jet  at  test  position  by  frozen  sonic  flow  method  and  using  Z.  Ref:  NASA  TN  D2233  and 
NASA  TR  R-5O.  Also  see  Column  (7). 

(3)  Enthalpy  by  energy  balance  method,  average  enthalpy  at  nozzle  exit. 

(4)  Ames  transient  calorimeter,  0.75"in.  diameter  hemisphere  cylinder,  copper  slug  0.3125-in.  diameter 
supported  in  shroud  with  sapphire  mic ro sp heres. 

(5)  Calorimeter  described  under  (4),  calculated  to  1.25“in.  diameter  flat  face  stagnation  value: 

qpAr  "  1.  112  qpAp[o.75/(3.  3  X  1.25)]^’^‘  The  term  1.  1 12 ,  correct  s  the  average  q  over  sensing  area  to  the 

stagnation  point  value. 

COR 

(6)  Calorimeter  described  under  (4),  sprayed  with  Teflon  coating  to  give  noncatalytic  surface. 
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z 

(7) 

GAS  FLOW 
RATE 
( lb/  s ec ) 

1.56 

0.0025 

1.56 

0.0025 

1.57 

0.0025 

2.22 

0.0025 

2.22 

0.0025 

1.86 

0.00375 

1.86 

0.00375 

1.55 

0.0025 

1.55 

0.0025 

1.57 

0.0025 

1.56 

0.0025 

2.15 

0.0025 

2.15 

0.0025 

1.86 

0.00  375 

1.86 

0.00375 

1.55 

0.0025 

1.55 

0.0025 

1.57 

0.0025 

2.14 

0.0025 

2. 14 

0.0025 

1.87 

0.00375 

1.55 

0.0025 

1.57 

0.0025 

2.  15 

0.0025 

2. 15 

0.0025 

1.87 

0.00375 

1.87 

0.00375 

1.55 

0.0025 

1.56 

0.0025 

2.18 

0.0025 

2.18 

0.0025 

1.87 

0.00375 

1.87 

0.00375 

0.0025 

0.0025 

0.0025 

0.002'5 

0.0025 

0.0025 

0.00375 

0.00375 

0.00375 


TEMPERATURE 

(«F) 


Facility 

(8) 


2,580  2,559 

2,710  2,785 

2,810  2,846 

2,960  2,918 

3,200  3,226 

3,280  3,247 

3.510  3.432 


CORE 

CHAR 

WEIGHT 

(g) 


CORE  CHAR 

RECESSION  THICKNESS 
( in. )  ( in. ) 


DENSITY 

(Ib/ft^) 


15.4  0.146 

40.6  0.263 

28.1  0.287 


38.5  0.147 

75.5  0.387 


38.4  0.318 

75.3  0.653 

15.6  0.198 

38.5  0.414 

11.4  0.177 

11.7  0.201 


+0.023 

+0.065 

+0.052 

+0.031 
+0. 


+0.007 

+0.005 

+0.001 

0.069 

0.035 

0,118 


Z  =  1  +  a,  7  =  (4  +  3Z)/(4  +  Z)  ,  w/P^^A*  =  c{y[2/ iy  +  (7+1)/ (y-D }  (ZT^)  is  calculated  from 

the  preceding  equation  and  is  used  to  get  enthalpy  under  (2).  Ref:  JANAF  Interim  Thermochemical  Tables 
Dow  Chemical  Co.,  Dec.  31,  I960. 


(8)  Instrument  Development  Lab,  Pyro  650  recording  pyrometer, 
_  ..  _ _  .  ..  —  1  rn  —  rr  /  -0 . 25 


6  =  1,  T.J.  =  [(1/Tg) 


2.52  X  10 


In  ex]  . 


(9)  SRI  radiometer,  0.375‘in.  aperture,  ^  1»  7^  7g/^  *  •  T^  is  true  temperature  and  Tg  is  brightness 

temper  ature. 


Table  B- 2 

TUNNEL  CALIBRATION  AND  TEST  DATA  REPORTED  BY  MAGNETO  PLASMA  DYNAMICS  BRANCH, 

AMES  RESEARCH  CENTER-^NASA 

Ref:  Data  Repo r ted  by  A.  Okuno,  MPDB,  Ames  Research  Center 


MODEL 

NO. 

AVERAGE 
ENTHALPY 
h^  (Btu/lb) 

(1)  (2) 

HEAT  TRANSFER  RATE 

•  2 

(Btu/ft  sec) 

Calorimeter 

MODEL 

STAGNATION 

PRESSURE 

P 

^2 
(  atm) 

PLENUM 

PRESSURE 

(  atm) 

Fac  i 
(3) 

1  ity 

(4) 

(5) 

SRI 

(6) 

Langley  Phenolic-Nylon 

PLL70 

6,736 

12,664 

160.  3 

103.8 

117.  1 

0.00572 

1.035 

Scout  B/ 4B 

PLL69 

6,736 

12,664 

0.  00572 

1.035 

PLL87 

6,736 

12,664 

0.00572 

1.  035 

PLL72 

12,508 

19,638 

281.5 

182.4 

212.2 

_ 

0,986 

PLL71 

12, 508 

19,638 

0.986 

PLL89 

12,508 

19,638 

0.986 

Aycoat  5026-39 

A72 

6,973 

13,109 

162.5 

105.3 

105.3 

0.00582 

0.990 

A71 

6,973 

13, 109 

0.00582 

0.990 

A84 

6,973 

13,109 

0.00582 

0.990 

A76 

12,320 

19,  342 

313. 

202.8 

215.  2 

0.00947 

0.997 

A75 

12; 320 

19,342 

0.00947 

0.997 

A85 

12;  320 

19.342 

0.00947 

0.997 

Modified  Purple  Blend 

SP66 

6,451 

12,128 

150.6 

97.6 

10.3.5 

-- 

0.990 

Silicone  E4Al 

SP65 

6,451 

12,128 

0.990 

SP85 

6,451 

12,128 

0.990 

SP68 

12,561 

19,721 

286.9 

185.9 

221.0 

0.00847 

1.014 

SP67 

12,561 

19,721 

1.014 

SP89 

12,561 

19,721 

1.014 

G.  E.  Silicone 

SG56 

6,903 

12,978 

150.6 

97.6 

104.4 

0.993 

ESM  1004AP 

SG55 

6,903 

12.978 

0.993 

SG51 

6,903 

0.993 

SG58 

12,253 

19,232 

280.5 

181.8 

210.8 

0.00827 

1.007 

SG57 

12',  253 

19^232 

0.00827 

1.007 

SG53 

12,253 

19,232 

0.00827 

1.007 

Hughes  Phenolic-Nylon 

PLH62 

6,442 

12,111 

142.8 

92., 5 

92.  2 

-- 

1.049 

H-5 

PLH61 

6,442 

12, 111 

1.049 

PLH97 

6,442 

12, 111 

1.049 

PLH65 

12,162 

19,094 

293.2 

190. 

,223.9 

0.00787 

1.017 

PLH64 

12,162 

19,094 

0.00787 

1.017 

PLH63 

12,162 

19,094 

0.00787 

1.017 

Teflon 

T117 

6,177 

11,613 

147.9 

95.9 

0.00597' 

0.983 

T116 

6,177 

11,613 

0.00597 

0.983 

T115 

12,052 

18,922 

294. 

190.5 

221.1 

-- 

0.968 

T112 

12,052 

18,922 

0.968 

Phenolic-Nylon 

P11A6 

7,025 

13,207 

17  0.6 

110.5 

116.  1 

-- 

1.028 

(75  Ib/ft^) 

P11A5 

7,025 

13,207 

1.028 

P12B3 

11,927 

18,725 

289.6 

187.7 

223.2 

0.00812 

0.990 

P12A7 

11,927 

18,725 

0.00812 

0.990 

Calibration  Runs 

Cl 

12,214 

19,176 

224.9 

231.3 

-- 

C2 

12,289 

19,294 

229,2 

140. 7^^^ 

-- 

C3 

6,919 

13,007 

109.1 

64.6<«) 

-- 

(1)  Enthalpy  measured  by  energy  balance  method. 

(2)  Enthalpy  calculated  by  facility  from  facility  heat  flux  data:  h  =  24  jf/Pj.  . 

(3)  Ames  transient  slug  calorimeter,  1.25-in.  diameter  hemisphere  cylinder,  gold-plated  copper  slug 
0,375-in.  diameter  supported  with  sapphire  microspheres. 

(4)  Facility  calorimeter  results  under  (3)  corrected  by  facility  to  1,25-in.  flat  face  stagnation  con¬ 
dition  with  relation:  ‘IpAC  ~  ^  1.  25)/(2  X  1.  25)]^*^* 

CDR 

(5)  SRI  calorimeter  as  received  by  facility. 

(6)  SRI  calorimeter  sprayed  with  Teflon  coating  to  give  noncatalytic  surface. 


124 


TEST 
CHAMBER 
PRESSURE 
(  atm) 


0.00072 

0.00072 

0.00072 

0.00072 

0.00072 

0.00072 


0.00072 

0.00072 

0.00072 

0.00072 

0.00072 

0.00072 


0.00072 

0.00072 

0.00072 

0.00072 

0.00072 

0.00072 


0.00072 

0.00072 

0.00072 

0.00072 

0.00072 

0.00072 


0.00072 

0.00072 

0.00072 

0.00072 


0.00072 

0.00072 

0.00072 

0.00072 

0.00072 

0.00072 

0.00072 


POWER 
TO  ARC 
( Mw) 

AIR  FLOW 
RATE 
( 1 b/ sec) 

0.0924 

0.0924 

0.0924 

0. 1462 
0, 1462 
0,1462 

0.01018 

0.01018 

0.01018 

0.0079 

0.0079 

0.0079 

0.0958 

0.0958 

0.0958 

0.147 

0. 147 

0. 147 

0.01015 

0.01015 

0.01015 

0.00806 

0.00806 

0.00806 

0.0908 

0.0908 

0.0908 

0. 1487 
0,1487 
0.1487 

0.01021 

0.01021 

0.01021 

0.00809 

0.00809 

0.00809 

0.0964 

0.0964 

0,0964 

0.148 

0.148 

0.148 

0.01037 
0.010  37 
0.01037 

0.00821 

0.00821 

0.00821 

0.0914 

0.0914 

0,0914 

0.1416 

0.1416 

0.1416 

0.01048 

0.01048 

0.01048 

0.00806 

0.00806 

0.00806 

0.0875 

0.0875 

0.  1447 
0.1447 

0.01045 

0.01045 

0.00806 

0.00806 

0.0964 

0.0964 

0.142 

0.142 

0.01012 

0.01012 

0.00802 

0.00802 

0. 1462 

0. 1481 

0.0968 

0.00805 

0.00806 

0.01045 

ARGON 
CATHODE 
SHIELD 
FLOW 
RATE 
(lb/ sec) 


0.000403 

0.000403 

0.000403 

0.000494 

0.000494 

0.000494 


0.000403 

0.000403 

0.000403 

0.000494 

0.000494 

0.000494 


0.000403 

0.000403 

0.000403 

0.000494 

0.000494 

0.000494 


0.000403 

0.000403 

0:000403 

0.000494 

0.000494 

0.000494 


0.000403 

0.000403 

0.000403 

0.000494 

0.000494 

0.000494 


0.000358 

0.000358 

0.000474 

0,000474 


0.000358 

0,000358 

0.000494 

0.000494 


MAXIMUM 

FRONT 

SURFACE 

TEMPERATURE 


RUN 

TIME 

(sec) 

CORE 

WEIGHT 

LOSS 

(g) 

12.4 

0.144 

24.6 

0.231 

50,6 

0.400 

6.2 

0.122 

12.0 

0.193 

24.8 

0,321 

12.2 

0.112 

25.1 

0. 196 

50.2 

0.  352 

6. 1 

0.098 

12.0 

0.158 

24.8 

0.301 

12.7 

0.102 

24.7 

0.192 

50.5 

0.307 

6.2 

0.115 

12.1 

0,161 

25.0 

0.278 

12.0 

0.082 

24.8 

0.106 

50.0 

0.187 

6.2 

0.071 

12.1 

0.161 

24.9 

0.  352 

12.0 

0.140 

24.9 

0.255 

50.2 

0.451 

6.1 

0.107 

12.1 

0.178 

24.9 

0.303 

11.9 

0.214 

50.2 

1.037 

6.1 

0.169 

24.9 

0.736 

12.  3 

0.165 

50.5 

0.570 

6.  2 

0.127 

24.9 

0.411 

CORE 

CHAR 

WEIGHT 

(g) 


CORE 

RECES¬ 

SION 

( in.  ) 


CHAR 

DENSITY 


( lb/  f  t  ) 


Table  B-3 


TUNNEL  CALIBRATION  AND  TEST  DATA  REPORTED  BY  APPLIED  MATERIALS  AND  PHYSICS  DIVISION, 

LANGLEY  RESEARCH  CENTER— NASA 

Ref:  Letter  Report  by  P,  F.  Korycinski,  Langley  Research  Center,  January  9,  1967 


MODEL 

TOTAL 

HEAT  TRANSFER  RATE 

MODEL 

NO. 

ENTHALPY 

*  /  2  \ 

STAGNATION 

^t 

(Btu/ft  sec) 

PRESSURE 

P, 

(Btu/ lb) 

Calorimeter 

^2 

SRI 

(  atm ) 

Facility 

(1) 

Langley  Phenolic -Nylon 

PLL30 

4,900 

267 

0.284 

Sc  out  R/ 4B 

PLL32 

4,900 

261 

0.284 

PLL93 

4,900 

256 

0.284 

PLL33 

4,900 

271 

0.284 

PLL29 

9,700 

460 

0.293 

PLL31 

9,700 

592 

0.293 

PLL34 

9,700 

1,150 

0.735 

PLL35 

9,700 

_ 

1,080 

0.  7  35 

Avcoat  5026-39 

A30 

4,900 

260 

0.284 

A90 

4,900 

280 

0.284 

A34 

4',  900 

269 

0.284 

A29 

9,700 

479 

0.293 

A3  3 

9;700 

541 

0.293 

A31 

9,700 

531 

0..293 

A32 

9,700 

541 

0.293 

A45 

9,700 

1,090 

0.735 

Modified  Purple  Blend  Silicone 

SP30 

4,900 

260 

0.284 

E4A1 

SP93 

4,900 

273 

0.  284 

SP32 

4,900 

275 

0.284 

SP29 

9,700 

481 

0.293 

SP31 

9,700 

539 

0.293 

SP34 

9,700 

0.735 

SP35 

9,700 

1,065 

0.735 

SP33 

9,700 

-- 

0.735 

G.  E.  Silicone 

ESM  1004AP 

SG22 

SG49 

4,900 

4,900 

259 

263 

0.284 

0.284 

SG24 

4,900 

249 

0.284 

SG21 

9,700 

478 

0.293 

SG23 

9;700 

551 

0.293 

SG25 

9,700 

1,110 

0.735 

Hughes  Phenolic-Nylon 

H-5 

PLH26 

PLH93 

4,900 

4,900 

260 

250 

0.284 

0.284 

PLH28 

4,900 

293 

0.284 

PLH25 

9,700 

492 

0.293 

PLH27 

9,700 

607 

0.293 

PLH29 

9,700 

1,134 

0.735 

PLJH30 

9,700 

1,145 

0.735 

Teflon 

T124 

9,700 

516 

0.293 

T126 

9,700 

1,055 

0.735 

Phenolic-Nylon  (751b/ft^) 

P11A2 

9,700 

524 

0.293 

P11A3 

9,700 

0.735 

P11A4 

9,700 

(5) 

996 

0.735 

940 

1,120 

(1) 

(2) 

(3) 


Enthalpy  calculated  by  facility  from  and  using  Fay-Riddell  relation. 

Model  front  surface  temperature  measured  with  facility  photographic  pyrometer.  Ref:  NASA  IN  D>2660 


SRI  radiometer  located  outside  tunnel;  viewed  model  through  1  in.  thick  glass  window;  radiation  from 
model  redirected  inside  tunnel  with  mirror,  30°  to  mirror  surface.  Data  not  corrected  for  window  or 
mirror  losses. 
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MAXIMUM  FRONT  SURFACE 
TEMPERATURE 


Facility 


RUN 

TIME 

(■see) 

CORE 

WEIGHT 

LOSS 

(g) 

m 

0.288 

0.592.,. 

30 

60 

11 

30 

10 

20 

0.510^4^ 

1,287 

0.280 

0.835 

0.484 

1,021 

14 

0.350 

20 

0.510 

30 

0.823 

11 

0.417 

20 

0.822 

30 

1.243 

30 

1.542 

5 

0.566 

14 

0,212 

30 

0.548 

60 

1.012 

11 

0.424 

30 

1.386 

5 

0.870 

5 

0.727 

10 

1.228 

14 

0.205 

30 

0.830 

40 

1.168 

11 

0.726 

20 

1.588 

5 

0.760 

14 

0.295,,. 

30 

0.582^^^ 

60 

1.308 

11 

0.301 

30 

0.813 

10 

0.496 

20 

0.970 

21 

2.460 

10 

2,165 

21 

0.750 

10 

0.701 

20 

1.298 

CORE 

CHAR 

WEIGHT 

(g) 


CORE 

RECESSION 


+  0.004 
0.070 
0.214 


CHAR 

THICKNESS 

(  in.  ) 

CHAR 

DENSITY 

(lb/.ft^) 

0.091 

15.7 

0.111 

14. .6 

■0.099 

14.4 

0.097 

14.7 

0.103 

17.0 

0.151 

13.. 5 

0,098 

16.1 

0..080 

16.0 

0.077 

18.1 

0.061 

17.3 

0.062 

21.0 

0..059 

15.8 

0.049 

19.5 

0.070 

15.4 

0..062 

11.0 

0..006 

0.097 

19.3 

0,117 

16.0 

0.097 

17.3 

0.049 

14.2 

0.022 

18.1 

0.004 

15.5 

0.022 

0.003 

0.081 

42.6 

0.070 

27.3 

0.037 

53.3 

0..018 

45.5 

0..03  3 

50.6 

0..010 

41.0 

0.085 

15.0 

0.115 

0.101 

14.0 

0.103 

16.7 

0.147 

15.4 

0.098 

16.1 

0.094 

15.3 

(4)  Mass  loss  estimated  from  linear  recession  data. 

(5)  Facility  thin  wall  transient  flat  face  calorimeter,  1  in.  total  diameter,  instrumented  with 
multiple  thermocouples.  Corrected  to  1.25  in.  flat  face  with  relation  25  ~  ( 1 • 0/1 . 25 ) ^ 
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Table  B-3  (Continued) 


TUNNEL  CALIBRATION  AND  TEST  DATA  FOR  VARIOUS  DIAMETER  MODELS 
REPORTED  BY  APPLIED  MATERIALS  AND  PHYSICS  DIVISION, 
LANGLEY  RESEARCH  CENTER- NASA 
Ref:  Data  sheets  on  AMPD  runs  1108  to  1138 


MODEL 

NO. 

TOTAL 

ENTHALPY 

(Btu/ib) 

(1) 

MODEL 

STAGNATION 

PRESSURE 

(atm) 

MODEL 

DIAMETER 

AND  SHAPE 

( in  .  ) 

(2) 

CALORIMETER 

DIAMETER 

AND  SHAPE 
(in.  ) 

Teflon 

T164 

8200 

0.0192 

1.0  Hemi. 

1.25  FF 

T165 

9100 

0.0192 

1.0  Hemi. 

1.25  FF 

T160 

9700 

0.0192 

1.25  FF 

1.25  FF 

T161 

9100 

0.0192 

1.25  FF 

1.25  FF 

T156 

9100 

0.0192 

2.5  FF 

2.5  FF 

T157 

9800 

0.0192 

2.5  FF 

2.5  FF 

T153 

8700 

0.0192 

4.0  FF 

4.0  FF 

T154 

9800 

0..0192 

4.0  FF 

4.0  FF 

Hughes  Phenolic-Nylon  H- 5 

PLH164 

8500 

0.0192 

1.0  Hemi. 

1.25  FF 

PLH165 

10300 

0.0192 

l.U  Hemi 

1.25  FF 

PLH160 

8700 

0.0192 

1.25  FF 

1.25  FF 

PLH161 

9100 

0.0192 

1.25  FF 

1.25  FF 

PLH156 

9000 

2.50  FF 

2.50  FF 

PLH157 

8800 

0.0192 

2.50  FF 

2.50  FF 

PLH153 

9100 

0.0192 

4.0  FF 

4.0  FF 

PLH154 

9900 

0.0192. 

4.0  FF 

4.0  FF 

HEAT  TRANSFER  RATE  (Btu/ft^ 

sec)'2) 

No.  9 

Calorimeter 

No.  10  Calorimeter 

(2) 

1,25  FF 

1.25  FF 

2.  5  FF 

4.0  FF 

mmmm 

94.6 

76.7 

76.0 

130- 

95,0 

112 

107 

164 

156 

136 

137 

136 

128 

130 

134 

128 


HEAT  TRANSFER 
RATE 

(Btu/f t^sec  ) 

(3)  (4) 

RUN 
TIME 
(sec  ) 

CORE 

DIAMETER 
( in  .  ) 

CORE 

WEIGHT 

LOSS 

(g) 

CORE 

CHAR 

WEIGHT 

(g) 

CORE 

RECESSION 
( in .  ) 

CHAR 

THICKNESS 
( in .  ) 

CHAR 

DENSITY 

(Ib/ft^) 

116 

236 

49 

0.5 

1.461 

0.207 

130 

264 

49 

0.5 

0.217 

137 

97 

0.625 

2.764 

0.242 

130 

97 

0.625 

2.846 

0.247 

91.6 

140 

1.25 

10.667 

0.236 

93.2 

140 

1.25 

11.378 

0.247 

70 

^^57 

2.5 

19.422 

0.100 

(5) 

78 

63 

2.5. 

33.739 

0.184 

( 6 ) 

120 

244 

49 

0.5 

0.491 

0.106 

0.171 

12. 

147 

298 

49 

0.5 

0.535 

0.119 

0.168 

13.7 

124 

97 

0.625 

0.799 

0.227 

0.118 

0.207 

13.6 

129 

97 

0.625 

0.908 

0.227 

0.160 

0.197 

14.3 

90.5 

140 

1.25 

3.377 

1.037 

0.110 

0.223 

88*6 

140 

1.25 

3.175 

1.032 

0.104 

0.225 

14.2(8) 

129 

168 

2.5 

(9) 

78.5 

180 

2.5 

5.209 

0.100 

0.270 

14.9 

(1)  Enthalpy  calculated  from  measured  heating  rates  and  pressures. 

(2)  All  flat-faced  models  had  peripheral  shoulder  radius  equal  to  one‘tenth  model  radius. 

(3)  All  heating  rates  measured  with  SRI  1.25-in.  calorimeters.  A  shroud  was  added  to  the  SRI  calorimeter 
to  equal  the  2.5-in.  and  4.0-in. -diameter  models. 

(4)  Heating  rate  calculated  from  (3)  with  the  relat  ion:  "^meas  ^  1.25/1.,  0) 

(5)  Tunnel  unstarted  after ^^55  sec,  pressure  and  heating  rate  increased. 

(6)  Tunnel  unstarted  after  60  sec. 

(7)  Calorimeter  may  be  in  error. 

(8)  Electrode  burn  out— model  was  wet. 

(9)  Tunnel  unstarted  when  model  entered  stream— model  destroyed. 
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Table  8-4 


TUNNEL  CALIBRATION  AND  TEST  DATA  REPORTED  BY  ENTRY  STRUCTURES  BRANCH, 
5Mw  FACILITY,  LANGLEY  RESEARCH  CENTER— NASA 


Ref:  Letter  Report  by  P.  F.  Korycinski,  Langley  Research  Center,  December  23,  1966 


MODEL 

NO. 

TOTAL 
ENTHALPY 
h^  (Btu/lb) 

(1)  (2) 

HEAT  TRANSFER 

RATE 

2 

(Btu/ft  sec ) 

SRI  CALORIMETER 

(3) 

MODEL 

STAGNATION 

PRESSURE 

\ 

(atm) 

(4) 

CHAMBER 

PRESSURE 

(atm) 

Langley  Phenolic-Nylon 

PLL54 

3160 

3250 

203 

0.281 

1.389 

Scout  R/4B 

PLL52 

2970 

3250 

203 

0.281 

1.389 

Avcoat  5026-39 

A7 

3050 

3250 

203 

0.278 

1.376 

A48 

3100 

3250 

2  03 

0.279 

1.381 

Modified  Purple  Blend 

SP45 

3100 

3250 

203 

0.280 

1,385 

Silicone  E4A1 

SP46 

3090 

32  50 

203 

0.281 

1.392 

G.E.  Silicone 

SG34 

3120 

3250 

2  03 

0,281 

1.389 

ESM  1004AP 

SG33 

3060 

3250 

203 

0.281 

1.389 

Hughes  Phenolic -Nylon 

PLH41 

3070 

3250 

203 

0.281 

1.389 

H-S 

PLH40 

3140 

3250 

203 

0.281 

1.389 

(1) 

(2) 

(3) 

(4) 


Enthalpy  measured  by  energy  balance  method. 

Enthalpy  calculated  from  pressure  and  heat  transfer  to  1,5-in.  diameter  hemispherical  facility 
calorimeter,  and  from  theory  of  Fay  and  Riddell.  This  method  of  calculating  enthalpy  is  considered 
standard  and  is  preferred  by  the  Entry  Structures  Branch. 

Heat  transfer  to  SRI  calorimeter  determined  during  separate  run. 


Model  stagnation  pressure  calculated  from  chamber  pressure  /P 


0.202. 
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GAS  FLOW 
RATE 
( lb /sec  ) 

POWER 

TO  ARC 
(Mw) 

RUN 

TIME 
(sec  ) 

CORE 

WEIGHT 

LOSS 

(g) 

CORE 

ChAR 
WEIGHT 
(g ) 

CORE 

RECESSION 
(in.  ) 

CHAR 

THICKNESS 
(in.  ) 

r~— 

CHAR 

DENSITY 

0.2 

2.15 

15.3 

0.202 

0.076 

0.023 

mmM 

0.2 

2.13 

30.4 

0.578 

0.131 

0.131 

BBI 

2.14 

15.3 

■1 

Bi 

0.102 

0.07  5 

17.2 

■H 

2.15 

30.4 

■m 

BB 

0,243 

0,067 

19.0 

0.2 

— 

15.3 

0.162 

m 

+0.020 

22.2 

0.2 

30.4 

0.282 

IB 

0.006 

23.2 

2.15 

15.3 

WSM 

0.275 

0.009 

33.7 

2.12 

30.4 

0.300 

24.6 

■m 

15.3 

0.318 

0.037 

■H 

14.6 

BW 

30.4 

0.604 

0,125 

BBB 

13.1 
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Table  B-5 


CALIBRATION  AND  TEST  DATA  REPORTED  BY  MANNED  SPACECRAFT  CENTER, 
SUBSONIC  FACILITY— NASA 


Ref:  MSC  Letter  Report  ES5/10-I7/81L,  October  19,  1966 


MODEL 

NO. 

TOTAL 

ENTHALPY 

^t 

(Btu/lb) 

(1) 

HEAT  TRANSFER 
RATE 

( Bt  u/ f  t  ^  s  ec ) 
Cal orimete  r 

DISTANCE 
NOZZLE 
EXIT  TO 
MODEL 
FACE 
(  in .  ) 

MODEL 

STAGNATION 

PRESSURE 

(atm) 

GAS  FLOW 
RATE 
(lb/ sec ) 

Facility 

(2) 

SRI 

Langley  Phenolic-Nylon 

PLL38 

8223 

404 

2.0 

1.0 

0.04 

Scout  R/4B 

PLL39 

8280 

401 

2.0 

1.0 

0.04 

PLL40 

9975 

590 

1.5 

1.0 

0.04 

PLL41 

8930 

600 

1.5 

1.0 

0.04 

PLLJ6 

4500 

100 

2.0 

1.0 

0.04 

PLL37 

4622 

100 

2.0 

1.0 

0.04 

PLL95 

3888 

101 

2.0 

1.0 

0.04 

PLL42 

5475 

205 

2.0 

1.0 

0.04 

Avcoat  5026-39 

A38 

8440 

406 

■ 

2.0 

1.0 

0.04 

A39 

8198 

399 

2.0 

1.0 

0.04 

A40 

9078 

590 

1..5 

1.0 

0.04 

A41 

9483 

590 

1.5 

1.0 

0.04 

A36 

4822 

106 

2.0 

1.0 

0.04 

A37 

4375 

103 

2.0 

1.0 

0.04 

A91 

4275 

104 

2.0 

1.0 

0.04 

A42 

4853 

210 

2.0 

1.0 

0.04 

A92 

4950 

207 

2.0 

l.o 

0.04 

Modified  Purple  Blend 

SP42 

8440 

405 

2.0 

1.0 

0,04 

Silicone  E4A1 

SP39 

8218 

396 

2.0 

1.0 

0.  04 

SP40 

9595 

600 

1.5 

1.0 

0.04 

SP41 

9792 

590 

1.5 

1.0 

0,04 

SP36 

4400 

104 

2.0 

1.0 

SP37 

4445 

104 

2.0 

1.0 

0.04 

SP95 

4113 

105 

2.0 

1.0 

SP38 

4850 

205 

■ 

2.0 

1.0 

0.04 

G.  E.  Silicone 

SG28 

8050 

400 

■ 

2.0 

1.0 

0.04 

ESM  1004AP 

SG29 

9300 

613 

■ 

1.5 

1.0 

0.04 

SG30 

9050 

599 

1..5 

1.0 

SG26 

4674 

105 

2.0 

1.0 

0.04 

SG27 

4625 

105 

2.0 

1.0 

0.04 

SG50 

4609 

106 

2.0 

1,0 

0.04 

Hughes  Phenolic-Nylon 

PLH32 

8130 

410 

2.0 

1.0 

0.04 

H-5 

PLH33 

8040 

406 

2.0 

1.0 

0.  04 

PLH34 

9250 

590 

1.5 

1.0 

0.04 

PLH35 

9300 

608 

1.5 

1.0 

0.04 

PLH31 

4493 

101 

■ 

2.0 

1.0 

0.04 

PLH36 

4980 

205 

■ 

2.0 

1.0 

0.04 

Calibration  Runs 

Cl 

8640 

388 

2.0 

1.0 

0.04 

C2 

6838 

297 

2.0 

1.0 

0.04 

C3 

5205 

251 

226 

2,0 

1.0 

0.04 

C4 

3565 

93 

101 

2.0 

1.0 

0.04 

C5 

4050 

94  ' 

103 

2.0 

1.0 

0.04 

C6 

5300 

276 

251 

2.0 

1.0 

0.04 

C7 

8700 

400 

366 

2.0 

1.0 

0.04 

C8 

4100 

108 

100 

2.0 

1a  0 

0.04 

C9 

5350 

276 

261 

2.0 

1.0 

0.04 

CIO 

8650 

398 

360 

2.0 

1.0 

0.04 

(1)  Enthalpy  measured  by  heat  balance  method. 

(2)  Facility  Hy-Cal  asymptotic  calorimeter. 

(3)  Measured  with  an  optical  pyrometer. 
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POWER 

TO  ARC 

(Btu/sec ) 

MAXIMUM  FRONT 
SURFACE 
TEMPERATURE 

T'rc  6  “  1 

FS  (Op) 

RUN 
TIME 
(  sec ) 

CORE 

WEIGHT 

LOSS 

(g) 

CORE. 

CHAR 

WEIGHT 

(g) 

CORE 

RECESSION 
(  in.  ) 

CHAR 

THICKNESS 
(  in.  ) 

CHAR 

DENSITY 

(Ib/ft^) 

Facility 

(3) 

SRI 

687.5 

4350 

8.0 

0.155 

0.017 

0.109 

17.6 

688.0 

4380 

4450 

20.4 

0.479 

0.260 

0.065 

0.175 

18.4 

744.1 

4155 

4280 

10,7 

0,325 

0.196 

0.043 

0.132 

18.0 

767.5 

4420 

4330 

20.5 

0.557 

0.260 

0.081 

0,181 

17.8 

330.0 

3000 

15.5 

0.191 

0.165 

0.008 

0.114 

17.9 

332.4 

2935 

2750 

30.5 

0  .  374 

0.238 

0,034 

0.160 

18.4 

327,4 

3050 

2980 

60.8 

0..762 

0-373 

0.070 

0,267 

17,3 

373.1 

3105 

3250 

31.0 

0.262 

0.063 

0.185 

11.4 

671.3 

4210 

8.6 

0.269 

0.142 

0.051 

0.097 

18.2 

647.4 

4310 

20.4 

0.572 

0.186 

0.146 

0.114 

20.2 

752.4 

4175 

4100 

10.7 

0.394 

0.133 

0.108 

0.096 

17.2 

768.2 

4005 

40.40 

20.3 

0.656 

0...  147 

0.202 

0.100 

18.2 

314.1 

3085 

3300 

16.7 

0.201 

0.237 

0.023 

0.145 

20.3 

315.5 

3105 

3280 

30.4 

0.382 

0.333 

0.051 

0.212 

19.5 

320. 

3105 

3400 

60.4 

0.913 

0.975 

0,137 

0.276 

22.8 

385.5 

3295 

3160 

30.2 

0.519 

0.255 

0.121 

0.164 

19,3 

385.0 

3430 

3240 

60.5 

1.169 

0.243 

0.378 

0.150 

20.1 

690.6 

4200 

7.8 

0.267 

0.154 

0.004 

0.099 

19.3 

685.8 

4150 

20.5 

0.572 

0.286 

0.101 

0.110 

32.2 

764.6 

3790 

3940 

11.5 

0.489 

0.152 

0.111 

0.071 

26.5 

752.4 

3850 

3820 

20.1 

0.783 

0.314 

0,218 

0.086 

45.3 

316.0 

3105 

3320 

15.5 

0.190 

0.271 

+0.037 

0,153 

22.0 

315.9 

3105 

3300 

30.6 

0.424 

0.394 

+0.035 

0.228 

21.4 

315.1 

3160 

3400 

60.1 

1.078 

0.528 

0.038 

0.320 

20.5 

384.0 

3260 

3220 

30.4 

0.575 

0.273 

0.005 

0.205 

16.5 

+0.005 

0.085 

0.225 
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Table  B-6 


TUNNEL  CALIBRATION  AND  TEST  DATA  REPORTED  BY  MANNED  SPACECRAFT  CENTER, 

SUPERSONIC  FACILITY— NASA 

Ref:  MSC  Letter  Report  ES5/2-27/35L  ,  March  1,  1967 


MODEL 

NO. 

AVERAGE  ENTHALPY 

( Btu/  lb ) 

(1) 

HEAT  TRANSFER  RATE 

^CW  . 

(Btu/ f t^sec ) 

Cal orimeter 

CATHODE 

PRESSURE 

(atm) 

(3)(4) 

Facility 

(2) 

SRI 

Langley  Phenolic-Nylon 

PLL65 

11,500 

436 

0.625 

Scout  R/4B 

PLL66 

24,500 

800 

0.700 

PLL67 

34,000 

988 

0.976 

Avcoat  5026-39 

A62 

11,500 

431 

0.625 

A63 

25,466 

780 

0.710 

A64 

954 

0.976 

Modified  Purple  Blend 

SP59 

11,500 

426 

0.625 

Silicone  E4A1 

SP60 

24,  500 

794 

0.704 

SP61 

34,000 

958 

0.976 

G.  E.  Silicone 

SG59 

11,500 

436 

0.625 

ESM1004AP 

SG60 

11, 500 

433 

0.  625 

SG61 

23,500 

780 

0.682 

SG62 

34,150 

954 

0.976 

Hughes  Phenolic-Nylon 

PLH54 

11,500 

431 

0.625 

H--5 

PLH55 

24,600 

797 

— 

PLH56 

34,150 

1000 

0.976 

Teflon 

T129 

11,500 

438 

0.625 

T130 

11,500 

433 

0.625 

T131 

24,500 

780 

0.678 

T133 

34,500 

928 

0.976 

Phenolic-Nylon 

PllBl 

11,500 

431 

0.625 

(75  lb/ft3) 

P11B2 

11,500 

433 

0.625 

P11B3 

26,500 

818 

0.720 

P11B5 

34,300 

954 

0.976 

Cl 

11,000 

,424 

394 

C2 

22,500 

824 

339 

(1)  Enthalpy  measured  by  energy  balance  method. 

(2)  Facility  Hy-cal  Engineering  asymptotic  flat-face  calorimeter,  0.060-in.  sensing  diameter, 
1,25-in.  total  diameter. 

(3)  Models  run  at  h  =  11,000  had  model  stagnation  pressures  ranging  from  0.011  to  0.0125  atm; 

at  h  =  25,000,  =  0.0163  to  0.0178  atm;  at  h  =  34,000,  P  =  0.0192  atm.  Model  stag- 

2  2 
nation  pressures  were  measured  with  a  Grey-Rad  enthalpy  probe. 

(4)  Nozzle  exit  pressures  ranged  from  0.00065  to  0.0012  atm  for  the  above  tests  and  chamber 
test  section  pressures  were  controlled  within  the  same  range  of  values. 


134 


GAS  FLOW 
RATE 
( lb/ sec ) 


MODEL  FRONT 
SURFACE 
TEMPERATURE 


RUN 

TIME 

(  sec ) 


CORE 

WEIGHT 

LOSS 


CORE 

CHAR 

WEIGHT 


CORE 

RECESSION 
(  in.  ) 


CHAR 

THICKNESS 
(  in.  ) 


CHAR 

DENSITY 

(Ib/ft^) 


0.013 

0.013 

0.013 

0.013 

0.013 

0.013 

0.013 

0..013 

0.013 

0.013 

0.013 

0.013 

0.013 

0.013 

0.013 

0.013 

0.013 

0.013 

0.013 

0.013 

0.013 

0.013 

0.013 

0.013 

0.013 

0.013 


FS 


e  =  1 
(®F) 


Facility 

(5) 


3890 

3950 

3810 

3880 

3880 

3525 

3900 

3890 

2975 

3160 

3380 

3575 

3870 

3805 

3840 


2975 

2920 

2950 

3840 


31.0 

30.0 

30.0 

29.5 
30.0 
20.0 

30.5 
30.0 

20.4 

31.0 

30.0 

30.0 

20.0 

30.0 

30.0 

20.0 

30.0 

29.5 

30.0 

20.0 

31.0 

29.5 

30.0 

20.2 


(g)  (g) 


0.430 

0.555 

0.540 

0.474 

0.563 

0.430 

0..462 

0.719 

0..546 

0.819 

0.830 

1.259 

1.042 

0.448 

0.581 

0.409 

1.724 

1.409 

1.903 

1.528 

0.656 

0.626 

0.818 

0.522 


0.256 

0.346 

0.351 

0.229 

0.254 

0.208 

0.141 

0.081 

0.085 

0.093 

0.098 

0.076 

0.097 

0.240 

0.344 

0.207 


0.211 

0.205 

0.396 

0.163 


0.039 

0.051 

0.047 

0.073 

oaio 

0.068 

0.029 

0.187 

0.102 

0.252 

0.251 

0.408 

0.329 

0.044 

0.055 

0.027 

0.151 

0.123 

0.168 

0.136 

0.021 

0.018 

0.030 

0.006 


0.184 

0.243 

0.246 

0.169 

0.200 

0.171 

0.131 

0.063 

0.082 

0.041 

0.044 

0.036 

0.034 

0.171 

0.232 

0.151 


17.3 
17.7 

17.7 

16.8 

15.8 

15.1 

13.4 

15. . 9 

12.9 

28.1 
27.6 

26.2 

35. . 4 

17.4 

18.4 
17.0 


0.102 

0..100 

0.148 

0.081 


25.7 

25.4 

33.2 

24.9 


(5)  Facility  optical  pyrometer,  0.65  microns. 
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Table  B-7 

TUNNEL  CALIBRATION  AND  TEST  DATA  REPORTED  BY  AEROTHERM  CORPORATION 
Ref:  Aerotherm  Report  No,  66-6 


MODEL 

NO. 

TOTAL  ENTHALPY 

(Btu/lb) 

(1)  (2)  (3) 

HEAT  TRANSFER 
RATE 

( Bt  u/  f  t^  sec  ) 

Cal orimeter 

MODEL 

STAGNATION 

PRESSURE 

(  atm) 

PLENUM 

PRESSURE 

(atm) 

Facility 

(4) 

SRI 

Langley  Phenolic-Nylon 

PLL43 

4,748 

5,583 

92.1 

80.1 

0.0204 

0.0693 

Scout  R/4B 

PLL46 

4,085 

4,146 

82.3 

57.4 

0.0190 

0.0704 

PLL97 

4,748 

5,583 

92.1 

80.1 

0.0204 

0.0693 

PLT,45 

7,612 

10,783 

270.0 

0.0301 

0.1034 

PLL48 

7,612 

11,304 

270.0 

188.0 

0..0301 

0.1034 

PLL15 

21,206 

46,535 

973.0 

0.0433 

0.3547 

PLL18 

21,598 

44,625 

921.0 

0.0422 

0.3547 

Avcoat  5026-39 

A74 

4,783 

5,644 

86.2 

76.5 

0.0182 

0..0682 

A44 

4,085 

4,608 

82.3 

57.4 

0.0190 

0.0704 

A98 

4,783 

5,644 

86,2 

76.5 

0.0182 

0.0682 

A58 

7,227 

11,304 

267.0 

196,0 

0:0298 

0.1034 

A59 

7,227 

11,530 

267.0 

196.0 

0.0298 

0.1034 

A15 

45,224 

941.0 

0.0429 

0.3536 

A17 

45,007 

941.0 

0.0433 

0.3558 

Modified  Purple  Blend 

SP56 

4,566 

5  469 

83.2 

77.7 

0..0200 

0.0704 

Silicone  E4A1 

SP53 

4,242 

10,783 

77.4 

63.8 

0..0190 

0,0716 

SP97 

4,566 

5,469 

83.2 

77.7 

0.  0200 

0.0704 

SP55 

7,158 

11,530 

263.0 

200.0 

0.0298 

0.1046 

SP57 

7,158 

10,111 

263,0 

200.0 

0.0298 

0.1046 

SP15 

21,871 

45,751 

952.0 

0.0429 

0.3570 

SP18 

21,650 

46,197 

958.0 

0.0426 

0.3536 

G.  E.  Silicone 

SG41 

4,158 

4,839 

80.3 

69.1 

0...0202 

0.0682 

ESM  1004AP 

SG42 

4,158 

4,839 

80.3 

69.1 

0.0202 

0.0682 

SGI  4 

7,667 

10,111 

261.0 

174.0 

0.0294 

0.1046 

SG43 

7,667 

9,919 

261.0 

174.,0 

0.0294 

0.1046 

SGI  2 

21,412 

43,684 

909.0 

0.0429 

0.3536 

SGI  5 

21,729 

46,952 

969.0 

0.0422 

0..3536 

Hughes  Phenolic-Nylon 

PLH44 

4, .328 

4,125 

87.2 

58.2 

0.0197 

0.0716 

H-5 

PLH45 

4,328 

4,125 

87.2 

58, ;2 

0.0197 

0.0716 

PLH46 

8,133 

9,919 

264.0 

172.0 

0.0298 

0.1046 

PLH48 

8,133 

264.0 

172.0 

0.0298 

0.1046 

PLH16 

21,442 

46,678 

960.0 

0.0419 

0.3524 

PLH17 

21,.168 

974.0 

0.0429 

0.3536 

Calibration  Runs 

Cl 

4,947 

4,500 

5,711 

83.2 

80.1 

0.0195 

0.0659 

C2 

4,279 

4,500 

6,085 

85.4  ' 

84.5 

0.0191 

0.0693 

C3 

8,016 

9,600 

10,326 

230.0 

178.0 

0.0294 

0.1023 

C4 

7,133 

9,600 

10,791 

236.0 

185,0 

0.0291 

0.1023 

C5 

21,255 

32,800 

41,197 

1,033.0 

837.0 

0.0409 

0.3490 

C6 

21,394 

29,500 

43,383 

1,094.0 

876.0 

0.0404 

0.3331 

C7 

4,518 

86.2 

72.3 

0.0196 

C8 

70.1 

0.0196 

(7) 

(7) 

C9 

4,624 

62,.  8 

51.0 

0.0189 

CIO 

4,796 

59.1 

52.8 

0.0196 

(1)  Enthalpy  measured  by  energy  balance  method, 

(2)  Enthalpy  calculated  by  Aerotherm  Corporation  using  sonic  flow  technique 

(3)  Enthalpy  calculated  by  Aerotherm  Corporation  using  heat  flux  method:  h  =  24  (p^  /^^ef f ^ * 

SRI  ^ 

(4)  Aerotherm  calorimeter  “Garden”  type,  steady  state,  Hy-Cal  Engineering;  sensing  area  0.20-ino 
Constantan,  shroud  diameter,  1.5-in.  flat  face.  Values  corrected  to  1.25-in,  diameter  flat  face: 


^1.25  in. 


1.095  q^  5 


in. 
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NOZZLE 

EXIT 

PRESSURE 


GAS 
FLOW 
RATE 
( 1 b/ sec ) 


0.0016 

0.0014 

0.0016 

0.0021, 

0.0021 

0.0027 

0.0027 


0.0014 

0.0014 

0.0014 

0.0021 

0.0021 

0.0027 

0.0027 


0.0014 

0.0014 

0,0014 

0.0021 

0.0021 

0.0027 

0,0027 


0.0014 

0,0014 

0.0021 

0.0021 

0.0027 

0.0027 


0.0014 

0.0014 

0.0021 

0.0021 

0.0027 

0.0027 


0.0014 

0.0014 

0.0021 

0.0021 


0.0042 
0.0042 
0 . 0042 

0.0048 

0.,0048 

0.0084 

0.0084 


0.0042 

0,0042 

0.0042 

0.0048 

0.0048 

0.0084 

0.0084 


0.0042 

0.0042 

0.0042 

0.0048 

0.0048 

0.0084 

0.0084 


0.0042 

0.0042 

0.0048 

0.0048 

0.0084 

0.0084 


0.0042 

0.0042 

0.0048 

0.0048 

0.0084 

0.0084 


0>0042 

0.0042 


MAXIMUM  front 
SURFACE 
TEMPERATURE 

T  €  =  1 

Vs  ^0^1 

Facility 

(5) 

SRI 

(6) 

3,050 

3,010 

3,210 

2,450 

2,380 

2,520 

3,840 

3,100 

3,100 

4,460 

.6,090 

4,160 

4.620 

2,930 

2,950 

3,190 

2,380 

2,510 

2,490 

3,720 

3,800 

3,090 

2,900 

4,820 

5,240 

4,340 

4,540 

2,600 

2,350 

2,280 

2,280 

3,200 

3, .470 

2,840 

2,840 

4,140 

4,310 

3,720 

3,720 

2,570 

2,610 

2,320 

2,300 

3,220 

3,200 

2,740 

2,640 

3,590 

3,170 

3,140 

2,950 

3,250 

2,460 

2,470 

3,640 

3,800 

3,090 

2,710 

3,840 

4,920 

4,040 

4.570 

TIME  WEIGHT 
(sec )  LOSS 


25. 

4 

0. 

254 

60. 

5 

0. 

542 

100. 

8 

0. 

778 

12, 

4 

0. 

240 

45. 

3 

0. 

607 

5. 

2 

0. 

164 

13. 

0. 

290 

25 

3 

0. 

235 

59 

7 

0 

467 

99 

8 

0 

852 

11 

9 

0 

210 

45 

1 

0. 

695 

5 

0 

0. 

147 

13 

± 

0. 

325 

24 

6 

0. 

155 

60 

4 

0 

280 

100 

0 

0 

404 

12 

4 

0 

199 

45. 

3 

0 

578 

5 

3 

0 

197 

13 

.0 

0 

451 

25 

0 

0 

112 

99* 

7 

0 

315 

12 

5 

0 

262 

45 

.4 

0 

.921 

5 

.2 

0 

.339 

13 

.1 

0 

.831 

CORE 

CHAR 

WEIGHT 

(g) 

CORE 

RECESSION 
(in.  ) 

CHAR 

THICKNESS 
(in .  ) 

0.101 

0.033 

0.090 

0.147 

0.096 

0.126 

0.178 

0.189 

0.156 

0.095 

0.021 

0.083 

0.195 

0.105 

0.154 

0.111 

0.008 

0.082 

0.212 

0.021 

0.152 

0.144 

0,027 

0.1 1.1 

0.203 

0.103 

0.146 

0.239 

0.251 

0.171 

0.105 

0.038 

0.080 

0.164 

0.210 

0.116 

0.080 

0.017 

0.076 

0.143 

0,058 

0.127 

0.123 

+0 . 044 

0.120 

0.225 

+0.051 

0-.194 

0.276 

+0.025 

0.217 

0.128 

0.002 

0.092 

0.177 

0.120 

0.111 

0.039 

0.015 

0.044 

0.078. 

0.086 

0.065 

0.278 

+0.010 

0.116 

0.616 

+0.036 

0.286 

0.130 

0.051 

0.058 

0.170 

0.259 

0.066 

0.057 

0.066 

0.043 

0.065 

0.226 

0.026 

0.093 

0.026 

0.084 

0.187 

0.185 

0.157 

0.087 

0.018 

0.078 

0.207 

0.103 

0.163 

0.114 

0.009 

0.083 

0.231 

0.025 

0.155 

CHAR 

DENSITY 

(Ib/ft^) 


(5)  Infrared  Industries  “Thermodot”  Mo  TD9CH;  viewed  model  through  front  quartz  port,  approxi- 
•mately  45^  to  model  surface  plane,  0.80  ±  0.015  micronSo 

(6)  SRI  radiometer  located  inside  test  chamber;  viewed  model  with  front  surface  mirror.  Data 
has  been  corrected:  1.12  T^ggg  “  COR* 

(7)  The  Aerotherm  and  SRI  calorimeters  were  sprayed  with  a  thin  coat  of  Teflon  to  determine 
the  effect  of  reduced  surface  catalyticity. 
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Table  B-8 


TUNNEL  CALIBRATION  AND  TEST  DATA  REPORTED  BY  AVCO  CORPORATION 


Ref:  AVCO  Report  R720-HEH-66-105 ,  August  2,  1966 


1 

MODEL 

NO. 

TOTAL 

ENTHALPY 

(Btu/ lb ) 

(1) 

HEAT  TRANSFER 
RATE 

( Btu/ f  t^  s  ec ) 
Calorimeter 

MODEL 

STAGNATION 

PRESSURE 

(  atm) 

(4) 

PLENUM 

PRESSURE 

'’h 

(  a tm ) 

NOZZLE 
THROAT 
DIAMETER 
(  in.  ) 

Facility 

(2) 

SRI 

(3) 

Teflon 

2,430 

1,640 

5.62 

10.91 

0.765 

InH 

6,820 

3,340 

4.92 

10.40 

0.765 

7,260 

1,850 

1.93 

2.06 

1.25 

T114 

7,260 

1,850 

1.93 

2.06 

1.25 

Phenolic-Nylon 

P12A2 

2,430 

1,640 

5.62 

10.91 

0.765 

(75  lb/ft3) 

PI  2  A3 

6,690 

3,340 

4.92 

10.37 

0.765 

P12A4 

7,260 

1,850 

1.93 

2.05 

1.25 

P12A5 

7,260 

1,850 

1.93 

2.05 

1  .25 

Langley  Phenolic- 

PLL47 

7,000 

1,850 

1.93 

2.03 

1.25 

Nylon  Scout  R/4B 

Avcoat  5026^39 

A73 

7,000 

1„850 

1.93 

2.03 

1.25 

Tunnel  Calibration 

Cl 

2,470 

5.62 

0.765 

Runs 

C2 

2,430 

5.62 

0.765 

C3 

2,500 

1,640 

10.91 

0.765 

C4 

2,400 

1,640 

10.87 

0.765 

C5 

6,700 

4.91 

10.34 

0.765 

C6 

7,000 

4.93 

10.40 

0.765 

C7 

7,000 

3,400 

10.40 

0.765 

C8 

7,000 

3,340 

10.40 

0.765 

C9 

7,260 

1..93 

2.06 

CIO 

7,260 

1,960 

2.06 

Cll 

_ 

7,260 

1,850 

2.06 

(1)  Enthalpy  determined  by  sonic  flow  method. 

(2)  AVCO  null  point  transient  calorimeter,  0.375-in.  (sensing  diameter)  copper  slug  by  1.5-in. 
long,  mounted  in  a  1.25-in.  flat  face  shroud. 

(3)  SRI  calorimeter  values  taken  from  tunnel  calibration  runs. 

(4)  AVCO  uncooled  copper  pitot  probe,  0,375-in  diameter.,  Test  data  taken  from  tunnel 
calibration  runs. 
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(5)  Instrument  Development  Lab  recording  pyrometer  (0.653  microns);  viewed  model  directly. 

(6)  Model  P12A3  spalled  sporadically,  as  indicated  in  motion  pictures  and  varying  front  surface 
temperatures . 

(7)  Model  A73  lost  considerable  side  shroud  material  because  of  incomplete  honeycomb  cells; 
q  may  have  increased  during  run^ 
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Table  B-9 


TUNNEL  CALIBRATION  AND  TEST  DATA  REPORTED  BY  GIANNINI  SCIENTIFIC  CORPORATION 
Ref:  G.S.C.  Test  Report  No.  FR076-332,  July  1966 


MODEL 

NO:. 

TOTAL 

ENTHALPY 

h 

t 

(Btu/ lb ) 

heat  Transfer 

RATE 

(Btu/ £  t^  sec  ) 

Calorimeter 

MODEL 

STAGNATION 

PRESSURE 

(  atm) 

(4) 

PLENUM 

PRESSURE 

(  atm) 

NOZZLE 

STATIC 

PRESSURE 

P 

e 

(atm) 

Cl) 

Facility 

SRI 

Langley  Phenolic-Nylon 
Scout  R/4B 

PLLl 

PLL2 

P1.L90 

PLL3 

PLU 

PLL5 

PLL6 

PLL7 

10,200 

10,200 

10,200 

10,090 

10,080 

15,390 

15,400 

15,400 

(2) 

145 

146 
.  145 

65 

64 

457 

456 

457 

0.0197 

0.0197 

0.0199 

0.0041 

0.0041 

0.094 

0.095 

0.095 

0.084 

0.084 

0.086 

0.0194 

0.0195 

0.625 

0.630 

0.624 

0.00155 

0.00158 

0.00156 

0  00035 
0.00035 

0.0107 

0.0106 

0.0106 

Avcoat  5026-39 

A1 

A2 

A94 

A3 

A4 

A5 

A6 

10,200 

10,200 

10,200 

10,100 

10,090 

15,380 
15,400  ' 

145 

146 

144 

66 

65 

455 

456 

0.0199 

0.0197 

0.0199 

0.0041 

0.0041 

0.093 

0.095 

0.086 

0.085 

0.086 

0.0197 

0.0195 

0.626 

0.625 

0.00156 

0.00157 

0.00157 

0.00036 

0.00035 

0.0104 

0.0105 

Modified  Purple  Blend 
Silicone  E4A1 

SPl 

SP2 

SP90 

SP3 

SP4 

SP5 

SP6 

10,180^ 

10,200 

10,200 

10,100 

10,100 

15,360 

15,400 

145 

146 

145 

66 

64 

455 

457 

0.0197 

0.0199 

0.0199 

0.0041 

0.0041 

0.093 

0.095 

0.085 

0.086 

0.086 

0.0194 

0.0196 

0.620 

0.626 

0,00156 

0.00156 

0.00155 

0.00035 

0.00036 

0.0105 

0.0106 

G.  E.  Silicone 

ESM  1004AP 

SGI 

SG45 

SG2 

SG3 

SG4 

SG5 

10,200 

10,190 

10.080 

10,100 

15,380 

15,400 

145 

144' 

65 

66 

456 

457 

0.0197 

0.0199 

0.0041 

0.0041 

0.093 

0.095 

0.084 

0.085 

0.0195 

0.0197 

0.624 

0.626 

0.00155 

0.00155 

0.00036 

0.00036 

0.0105 

0.0106 

Hughes  Phenolic-Nylon 

H-5 

PLHl^ 

PLH90 

PLH2 

PLH3 

PLH4 

PLH5 

10,200 

10,200- 

10,100 
10, .100 

15,400 

15,380 

146 

144 

65 

65 

457 

456 

(3) 

0,.  0199 
0.0199 

0.0041 

0.0041 

0.095 

0.094 

0.085 

0.086 

0.0196 

0.0195 

0.625 

0.622 

0, 00156 

0.. 001 56 

0.00035 

0.00035 

0.0106 

0.0105 

Calibration  Runs 

Cl 

C2 

C3 

C4 

C5 

C6 

10,200 

10,190 

10,100 

10,100 

15,400 

15,400 

146 

67' 

458 

135 

57 

457 

0.0197 

0.0197 

0.0041 

0.0041 

0.095 

0.095 

0.085 

0.084 

0.0197 

0.0193 

0.00157 

0.00157 

0.00036 

0.00035 

(1) 

(2) 

(3) 

(4) 


Enthalpy  measured  by  energy  balance  method 

Giannini  steady  state  calorimeter,  0.625-in. 
temperature  rise  type  This  calorimeter  was 


diameter  hemispherical  shape,  copper  surface,  water 
calibrated  with  calorimeter  described  under  (3).. 


Giannini  transient  calorimeter  used  to  calibrate  (2),  0.25-in.  diameter  by  0.25-in.  long  copper 
slug  set  in  graphite  shroud  with  shape  same  as  models. 


Giannini  pitot  probe,  water-cooled,  0.625-in.  diameter. 
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GAS 
FLOW 
RATE 
(lb/ sec ) 


0.0043 

0.0043 

0.0043 

0.00084 

0.00084 

0.0189 

0.0189 

0.0189 


0.0043 

0.0043 

0.0043 

0.00084 

0.00084 

0.0189 

0.0189 


0.0043 

0.0043 

0.0043 

0.00084 

0.00084 

0,0189 

0.0189 


0.0043 

0.0043 

0.00084 

0.00084 

0.0189 
0. 0189 


0.0043 

0.0043 

0.:00084 

0.00084 

0.0189 

0.0189 


0.0043 

0.0043 


MAXIMUM  FRONT  SURFACE 
TEMPERATURE 

T 

FS  e  =  1 

(°F) 

Facil  ity 

SRI 

(5) 

(6) 

(7) 

3,000 

2,820 

2,900 

3,260 

3,280 

3,180 

3,680 

3,800 

3,620 

2,300 

2,300 

2,140 

2,480 

2,610 

2,350 

3,950 

4,230 

4„020 

4,350 

o  o 
oo  o 

r-t  O 

3,200 

3,300 

3,100 

3,370 

3,400 

3,300 

3,300 

3,500 

3,290 

2,350 

2,500 

2,280 

2,390 

2,600 

2,300 

3,550 

4,240 

4,100 

4,150 

4,360 

4,250 

2,780 

3,170 

2.820 

2,650 

3,050 

3,060 

3,340 

3,000 

2,380 

2,450 

2,180 

2,400 

3,850 

2,485 

2,250 

3,850 

3,850 

3,340 

3,850 

3,020 

3,240 

2,950 

3,100 

3,300 

3,050 

2,400 

2,470 

2,250 

2,380 

2,455 

2,230 

3,250 

2,900 

3,320 

3,300 

3,250 

3,300 

3.360 

3,250 

3,350 

3,460 

3,250 

2,490 

2,400 

2, .320 

2,550 

2,590 

2,330 

3,850 

4.010 

3,800 

4,200 

4,300 

4,150 

CORE  CORE 
WEIGHT  CHAR 
LOSS  WEIGHT 


CORE 

RECESSION 
(in.  ) 


CHAR  CHAR 

THICKNESS  DENSITY 


(5)  Thermodot  Mo.  TD-6BT  radiation  thermometer  (1.6-2. 7  microns);  viewed  model  through  front 
port,  approximately  40®  to  surface  plane  of  model. 

(6)  L-N  optical  pyrometer  (0.655  microns). 

(7)  SRI  radiometer;  viewed  model  through  front  port,  approximately  40°  to  surface  plane  of 
model , 
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Table  B-lO(a) 

TUNNEL  CALIBRATION  AND  TEST  DATA  REPORTED  BY  MARTIN  COMPANY 
Ref:  Martin  Report  ER  14356,  August  26,  1966 


MODEL 

NO, 

TOTAL 

ENTHALPY 

(Btu/ 1 b ) 

HEAT  TRANSFEB  RATE 
(Btu/ft  sec) 

Cal  crime  ter 

MODEL 

STAGNATION 

PRESSURE 

P  { atm) 

PLENUM 

PRESSURE 

^  h 

(  atm ) 

(1) 

Facil ity 
(2)  <3) 

(4) 

SRI 

(5) 

Langley  Phenolic-Nylon 
Scout  iV4B 

PLL12 

PLL13 

PLL14 

PLL91 

PLLIO 

PLLll 

PLL8 

PLL9 

5,143 

4,996 

6,170 

5,140 

18,117 

18,117 

10,137 

10,947 

46.5 

42.6 
44.0 
43.2 

456. 

456. 

417. 

418. 

59.8 

0.0071 

0.0069 

0.0070 

0.0070 

0.0333 

0.0333 

0.140 

0.144 

0,0303 

0.0303 

0.0301 

0.0448 

0.0448 

0.263 

0.264 

Avcoat  5026-39 

A12 

A13 

-A95 

AlO 

All 

A8 

A9 

A14 

5,143 

4,996 

5,140 

18,117 

18,445 

10,137 

10,947 

10,387 

46.5 

42.6 
43.2 

456. 

475. 

417. 

418. 
417. 

59.8 

0.0071 

0.0069 

0.0070 

0.0333 

0.0340 

0.140 

0.144 

0.140 

0.0303 

0.0303 

0.0301 

0.0448 

0.0433 

0.263 

0.264 

0.260 

Modified  Purple  Blend 
Silicone  E4 A1 

SP13 

.SP14 

SP91 

SPIO 

SPll 

SP12 

SP8 

SP9 

4,933 

5,226 

,5,180 

17,950 

18,445 

18,642 

10,647 

10,158 

44.4 
42.  3 
44.2 

475. 

475. 

455. 

417. 

408. 

57.5 

547. 

512. 

0.0070 

0.0070 

0.0070 

0.0340 

0.0340 

0.0341 

0.139 

0.144 

0.0303 

0.0264 

0.0316 

0.0435 

0.0433 

0.0632 

0.267 

0.263 

G.  E.  Silicone 

ESM  1004AP 

SG6 

SG46 

SGIO 

SG7 

SG8 

SG9 

5,226 

5,180 

17,950 

10,387 

10,038 

10 ,158 

42.3 

44.2 

475. 

417. 

408. 

408. 

55.9 

512. 

0.0070 

0.0070 

0.140 

0.144 

0.144 

0.0264 

0.0316 

0.0435 

0.260 

0.257 

0.263 

Hughes  Phenolic-Nylon 

H-5 

PLH12 

PLH91 

PLH7 

PLHIO 

PLHll 

PLH8 

PLH9 

4,933 

5,180 

18,642 

17,950 

18,445 

10,137 

10,647 

44.4 

44.2 

455. 

475. 

475. 

417. 

417. 

57.5 

547, 

0.0070 

0.0070 

0.0341 

0.0340 

0.0340 

0.140 

0.139 

0.0303 

0.0316 

0.0632 

0.0435 

0.0433 

0.263 

0.26,7 

Calibration  Runs 

Cl 

4,824 

42.8 

40.7 

40.0 

56.8 

0.0070 

0.0290 

C2 

18,370 

485. 

457. 

438. 

530. 

0.0340 

0.0435 

C3 

10,820 

400. 

409. 

387. 

(1)  Enthalpy  measured  by  energy  balance  method. 

(2)  Facility  steady  state  calorimeter,  “Garden”  asymptotic  type  by  Thermogage  Inc,,  1.25-in.  diameter 
flat  face,  sensing  diameter  0.10-in.  constantan. 

(3)  Martin  design  slug  calorimeter,  0.25-in.  diameter  copper  slug  by  0.125-in.  long  set  in  1.25-in, 
diameter  flat  face  asbestos- phenol ic  body. 

(4)  Martin  design  slug  calorimeter,  0,625- in.  copper  slug  by  0.125-in.  long  set  in  1.25-in.  diameter 
flat  face  asbestos- phenolic  body. 

(5)  Facility  pitot  probe,  0,625-in.  diameter,  water-cooled. 
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TEST 

CHAMBER 

PRESSURE 

NOZZLE 

EXIT 

PRESSURE 

(  atm) 

P 

e 

(  atm ) 

0.00096 

0.00126 

0.00106 

0.00136 

0.00065 

-- 

0.00379 

0.00379 

0.00459 

0,00459 

0.00921 

0.00854 

0.00921 

0.00854 

0.00096 

0.00126 

0.00065 

0.00106 

0.00136 

0.00379 

0.00369 

0.00459 

0,00479 

0.00921 

0.00854 

0.00914 

0.00921 

0.00854 

0.00914 

0.00125 

0.00100 

0.00105 

0.00135 

0.0009 

0.00115 

0.00369 

0.00369 

0.00380 

0.00443 

0.00479 

0.00482 

0.00909 

0.00789 

0.00934 

0.00789 

0.00100 

0.00105 

0.00090 

0.00115 

0.00369 

0.00443 

0.00914 

0.00855 

0.00789 

0.00914 

0.00878 

0.00789 

0.00125 

0.00105 

0.00135 

0.00115 

0.00380 

0.00369 

0.00369 

0.00482 

0.00443 

0.00479 

0.00921 

0,00909 

0.00921 

0.00934 

0.0010 

0.0011 

0.00382 

0.00442 

0.0030 

0.0040 

0.0040 

0.0251 

0.0250 


0,0030 

0.0030 

0.0030 

0.0040 

0.0040 

0.0251 

0.0250 

0.0249 


0.0030 

0.0030 

0.0030 

0.0040 

0.0040 

0.0040 

0.0251 

0.0250. 


0.0030 

0.0030 

0.0040 

0.0249 

0.0250 

0.0250 


0.0030 

0.0030 

0.0040 

0.0040 

0.0040 

0.0251 

0.0251 


MAXIMUM  FRONT 
SURFACE 
TEMPERATURE 

Tpg  e  =  1  {°F) 

Facil it  y 

SRI 

(6) 

(7) 

2690 

2600 

2540 

2360 

2700 

2440 

4310 

4230 

4070 

.3930 

4770 

4520 

4440 

4300 

2780 

.2500 

2600 

2430 

2620 

2470 

4340 

,4280 

4.200 

.4150 

4350 

4460 

4400 

4580 

4390 

2400 

2330 

2430 

2350 

2400 

2040 

3980 

3940 

3910 

3830 

3920 

3670 

4100 

.3840 

3860 

2430 

2320 

2380 

2290 

3500 

3370 

3480 

3220 

3250 

3220 

2660 

2500 

2670 

2480 

4170 

3940 

4270 

4220 

4040 

3850 

4720 

4490 

4130 

CORE 

WEIGHT 

LOSS 

(g) 

CORE 

CHAR 

WEIGHT 

(g)  . 

CORE 

RECESSION 

(in.) 

CHAR 

THICKNESS 
{  in .  ) 

CHAR 

DENSITY 

(Ib/ft^) 

0.401 

0.160 

0.054 

0.126 

15.7 

0.210 

0.102 

0.023 

0.087 

14.5 

0.398 

0.165 

0.060 

0.128 

16.0 

0;574 

0.240 

0.107 

0.178 

16.7 

0.210 

0.138 

0.017 

0.108 

15.8 

0.128 

0.075 

0.004 

0.063 

14,8 

0.431 

0.219 

0.069 

0.156 

17.4 

0.192 

0.127 

0.020 

0.094 

16.8 

70 

0.377 

0.237 

0.048  ■ 

0.168  . 

35 

0.197 

0.128 

0.024 

0.096 

■SB 

120 

0.537 

0.338 

0.060 

0.236 

■uB 

ri 

0.256 

0.123 

0.048 

0.092 

16.6  - 

5 

0.140 

0.083 

0.022 

0.064 

16.1 

17 

0.551 

0.106 

0.169 

-  0.079 

16.6 

7 

0.266 

0,096 

0.057 

0.076 

15.7 

17 

0.601 

0.095 

0,188 

0.076 

15.5 

■  35  1 

0.184 

0.123  i 

+0.033 

0.107 

.  14.3 

0.275 

0,187 

+0.049 

0.153 

15.2 

120 

0.442 

0.253 

+0.048 

a.  200 

15.7 

11 

0.286 

0.057 

0.042 

0.052 

13.6 

5 

0.129 

0.054 

0.000 

0.052 

12.9 

13.4 

0.344 

0,078 

0.053  • 

0.063 

15.4 

17 

0.710 

0.030 

0.190 

0.032 

11.6 

7 

0.294 

0,033 

0.055 

0.033 

12.4 

70 

0.216 

0.467 

+0.006 

0.174 

33.3 

120 

0.344 

0.551 

+0.065 

0.271' 

25.2 

11 

0.457 

1 

0.093 

0.129 

0.030 

38.4 

17 

1.350 

0.077 

0.415 

0.011 

46.8 

17 

1.276 

0.065 

0.373 

0.016 

50.4 

7 

0.452 

0.106 

0.119 

0.033 

39.8 

(6)  Facility  Pyro  650  electronic  optical  pyrometer;  viewed  model  through  front  port,  approximately  30°  to 
model  surface  plane. 

(7)  SRI  radiometer,  located  inside  test  chamber;  viewed  model  directly,  approximately  30°  to  model  surface 
plane. 
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Table  B-lO(b)  (Concluded) 

TUNNEL  CALIBRATION  AND  TEST  DATA  REPORTED  BY  MARTIN  COMPANY  FOR  VARIOUS  DIAMETER  MODELS 
Ref:  Martin  Report  ER  14  426,  November  17,  1966 


ENTHALPY  STAGNATION  PRESSURE 


(Btu/ lb) 


PRESSURE 

P. 


TEST 

CHAMBER 

PRESSURE 


(  lb/ sec 


MODEL  MODEL 

DIAMETER  CORE 

AND  SHAPE  DIAMETER 

( in,  )  ( in. ) 


Hughes  Phenolic -Nylon 

H-5 


T163 

12',  149 

0.0205 

0..241 

0.00132 

0.04 

1..0  Henii. 

0.5 

T162 

12,432 

0.0203 

0.240 

0.00132 

0.04 

1 . 0  Hemi . 

0.  5 

T158 

12,149 

0.0205 

0,241 

0.00132 

0.04 

1.25  FF 

0.625 

T159 

12,1.45 

0.0203 

0.220 

0,00132 

0.04 

1.25  FF 

0 . 625 

T155 

12,246 

0.0203 

0.241 

0.00132 

0.04 

2.5  FF 

,1.25 

T154 

12,246 

0.0203 

0.241 

0.00132 

0.04 

2.5  FF 

1 . 25 

T150 

12,610 

0.0203 

0.250 

0.00132 

0.04 

5.0  FF 

2.5 

^  .T151 

12,406 

0.0201 

0.249 

0.00132 

0.04 

5.0  FF 

2. 5 

PLH163 

12,145 

0.0203 

0.220 

0.00132 

0.04 

1 . 0  Hemi . 

0.5 

PLH162 

12,432 

0.0203 

0.240 

0.00132 

0.04 

1 . 0  Hemi . 

0.  5 

PLH159 

12,145 

0.0203 

0.220 

0.00132 

0.04 

1.25  FF 

0.625 

PLH158 

12,432 

0.0203 

0.240 

0.00132 

0.04 

1.25  FF 

0.625 

PLH155 

12,406 

0.0201 

0.249 

0.00132 

0.04 

2. .5  FF 

1-.25 

PLH154 

12,246 

0.0203 

0.241 

0.00132 

0.04 

2.5  FF 

1 . 25 

PLH151 

12,610 

0.0203 

0.249 

0.00132 

0.04 

5.0  FF 

2.5 

PLH150 

12,406 

0.0201 

0.250 

0.00132 

0.  04 

5.0  FF 

2 . 5 

Tunnel  Calibration  Runs 


12,196 

12,725 

12,071 

12,367 

11,869 

11,713 


0.0200 

0.0201 

0.0195 

0.0204 

0.0194 

0.0194 


0.00150 

0.00145 

0.00132 

0.00132 

0.00126 

0.00122 


0.0401 

0.0401 

0.04 

0.04 

0.04 

0.04 


(1)  Enthalpy  determined  by  heat  balance  method. 

(2)  Thermogage  heat. sink  calorimeter,  1.25-in.  flat  face  plus  adapter  to  2.5-in.  diameter. 

(3)  Thermogage  steady  state  water-cooled  asymptotic  calorimeters:  (1)  1-in.  diameter 

(2)  1,25-in.  diameter  flat  face  plus  adapters  for  2.5-in.,  diameter  and  5-in..  diameter  flat  face. 
Constantan  sensing  diameter  0.125  in. 

(4)  SRI  calorimeter. 
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HEAT  TRANSFER 
RATE 

^CW 

2 

(Btu/ ft  sec ) 

(2) 

MAXIMUM 

FRONT  SURFACE 
TEMPERATURE 

Fps  ^  =  1  (°F) 

RUN 

TIME 
( sec ) 

CORE 

WEIGHT 

LOSS 

(g) 

GORE 

CHAR 

WEIGHT 

(g) 

CORE 

RECESSION 
(  in.  ) 

CHAR 

THICKNESS 
(  in .  ) 

CHAR 
DENSITY 
(lb/ft3)  ■ 

Facility 

(6) 

SRI 

(7) 

149 

10 

0.472 

0.068 

151 

35 

1.607 

0.228  . 

149 

20 

0.751 

0,067 

155 

70 

3.055 

0,269 

151 

30 

3.153 

0.070 

151. 

100 

IL.  088 

0.248 

156 

40 

12.004  ' 

0.067 

156 

140 

43.032 

-0.229 

155 

3,590 

3,840 

10 

0.185 

0.074 

0.040 

■  0.094 

151 

3,960 

35 

0.506 

0.158 

0.150 

0.199 

155 

3,710 

3,500 

20 

0.257 

0.128 

0.027 

0.115 

13.8 

151 

4,110 

4,000 

70 

0.731 

0.375  • 

0.144 

0.282 

16.5 

156 

3,480 

3,390 

30 

1.263 

0.606 

0.029 

0.126 

14.9 

151 

3,770 

3,550 

■  100 

3.094 

1.552 

0.120 

0.278 

17.3 

156 

3,300 

3,200 

40 

5.231 

2.824 

0.032  • 

0.156 

14.0 

156 

3,490 

3,390 

140 

12.898 

6.974 

0.106 

0.318 

17.0 

HEAT  TRANSFER 

RATE  (Btu/ft^sec) 

THERMOGAGE 

THERMOGAGE 

SRI 

MARTIN 

CALORIMETER 

CALORIMETER 

CALORIMETER 

(2) 

(3) 

(4) 

(5) 

2.5  FF 

1.25  FF 

1.0  Hemi. 

1.25  FF 

2.5  FF 

5.0  FF 

1.25  FF 

1 . 0  Hemi . 

1.25  FF 

2.5  FF 

5.0  FF 

■n 

246 

180 

254 

124 

■n 

255 

144 

217 

75 

151 

211 

484 

318 

171 

500 

240 

85  ■ 

155 

384 

132 

151 

438 

247 

348 

156 

345 

(5)  Martin  transient  calorimeter,  copper  slug  set  in  asbestos-phenolic  body. 


Calorimeter  Shape 

Overall  Diameter  (in.) 

Slug  Diame 

Hemisphere 

1.0 

0.125 

Flat  Face 

1.25 

0.188 

Flat  Face 

2.50 

0.250 

Flat  Face 

5.0 

0.250 

(6)  Facility  pyrometer  Pyro  650  electronic  optical  pyrometer,  located  outside  test  chamber;  viewed  model  through  front 
port  approximately  38°  to  plane  of  model  front  surface. 

(7)  SRI  radiometer,  located  inside  test  chamber;  viewed  model  directly,  approximately  38°  to  plane  of  model  front  surface. 
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Table  B-11 


TUNNEL  CALIBRATION  AND  TEST  DATA  REPORTED  BY  SPACE  GENERAL  CORPORATION 
Ref:  SGC  Report  1034- FI ,  July  1966 


' 

MODEL 

NO. 

TOTAL  ENTHALPY 

(Btu/lb) 

(1)  (2) 

HEAT  TRANSFER 
RATE 

2 

(Btu/  ft  sec) 

MODEL 

STAGNATION 

PRESSURE 

(  atm) 

(4) 

PLENUM 

PRESSURE 

•’h 

(  atm ) 

Cal  0  rimet  er 

Facility 

(3) 

SRI 

Langley  Phenolic-Nylon 
Scout  IV4B 

PLL22 

PLL23 

PLL94 

PLL55 

PLL56 

PLL24 

PLL28 

14,925 

14,920 

14,855 

24,985 

24,765 

-  5,117 
5,1-29 

14,990 

14,850 

14,990 

24, 130 
25,340 

5,010 

5,020 

99 

97 

103 

346 

344 

158 

150 

0.00510 

0.00509 

0.00511 

0.01947 

0.01960 

0.092 

0.092 

0.0266 

0.0265 

0.0266 

0.1210 

0. 1234 

0.514 

0.514 

Avcoat  5-026-39 

A23 

.A25 

,A97 

A24 

A26 

A27 

A28 

15,035 

15,100 

14,955 

24,880 

24,925 

5,063 

5,134 

14,850 

14,850 

15,000 

25,510 

26,180 

5,005 

5,020 

101 

95 

101 

345 

346 

157 

155 

0.00511 

0.00509 

0.00511 

0.01974 

0.01934 

0.093 

0.092 

0.0265 

0.0265 

0.0267 

0.i23T 

0.1250 

0.512 

0.514 

Modified  Purple  Blend 
Silicone  E4A1 

SP22 

SP24 

SP94 

SP25 

SP26 

SP27 

SP28 

14,855 

15,050 

14,925 

24,780 

24,800 

5,127 

5,093 

15,110 

14,990 

14,990 

25,510 

24,840 

5,015 

5,020 

98 

103 

105 

344 

344 

157 

155 

0.00512 

0.00511 

0.00510 

0.01974 

0.01960 

0,093 

0.092 

0.0268 

0.0266 

0.0266 

0.1237 

0.1224 

0.513 

0.514 

G.  E.  Silicone 

ESM  1004AP 

SGI  6 
SG48 

^20 

SG18 

SG19 

15,035 

14,920 

24,888 

5,150 

5,174 

15,000 

14,990 

24,130' 

5,030 

5,020 

106 

103 

345 

155 

153 

0.00511 

0.00511 

0.01947 

0.093 

0.092 

0.0264 

0.0266 

0.1210 

0.510 

0.514 

Hughes  Phenolic-Nylon 
..  H-5 

PLH19 

PLH94 

PLH2d 

PLH21 

PLH22 

PLH23 

14,855 

15,.035 

•24,910 

24,875 

5,129 

5,154 

14,850 

14,990 

24,840 

25,510 

5,005 

5,020 

102 

98 

345 
•  345 

157 

153 

0.00510 

0.00511 

0.01968 

0.01972 

0.092 

0.092 

0.0265 

0.0266 

0.1224 

0.1237 

0.5.12 

0.514 

Calibration  Runs 

Cl 

C2 

C3 

15,025 

24,925, 

5,150 

14,850 

25,510 

5,020 

iOl 

346 

157 

98.7 

344.8 

162.7 

0.00509 

0.01972 

0.0925 

0.0265 

0.1237 

0.514 

( 1) .  Enthalpy  measured  by  energy  balance  method.  ^  ^  ^ 

(2)  Enthalpy  calculated  by  SGC  using  sonic  flow  relationship:  h^.  =  (280Pj,^A*/"'),  '  • 

(3)  SGC  steady  state  calorimeter,  Hy-Cal  Engineering  asymptotic  type,  0.10- in.  diameter,  constantan 
sensing  area. in  la25“int  diameter  flat  faced  shroud# 

,{4)  SGC  pitot  probe,  wat^r  cooled,  0,5-iri.  diameter. 
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(5)  L-N  optical  pyrometer . {0. 655  microns);  viewed  model  through  front  quartz  port,  approximately 
18°  to  plane  of  model  front. 

(6)  SRI  radiometer  located  outside  test  chamber.  For  test  condition  1 . (h  =  15,000,  q  =  100) 
viewed  model  through  front  port,  approximately  18°  to  plane  of  model  front  surface.  For 
remaining  two  test  conditions,  model  was  viewed  through  a  side  port  40  to  jet  axis,  thence 
off  front  mirror  40°  to  plane  of  model  front  surface. 
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Table  B-12 


TUNNEL  CALIBRATION  AND  TEST  DATA  REPORTED  BY  CORNELL  AERONAUTICAL  LABORATORY  INC. 
Ref:  Letter  Report  Dated  September  19,  1966 


MODEL 

NO. 

SPECIFIC 
ENTHALPY 
(Btu/ lb) 

HEAT  TBANSFER  RATE 

(Btu/ ft  sec) 

Calorimeter 

MODEL 

stagnation 

PRESSURE 

P  ( atm) 

GAS  FLOW 
RATE 
{ lb/ sec) 

RESERVOIR 

PRESSURE 

P  (atm) 

H 

STAGNATION 

TEMPERATURE 

(°R) 

Facility 

SRI 

(4) 

(6) 

Teflon 

T118 

T119 

2060 

2080 

618 

624 

1091 

1108 

10.2 

10.3 

5.0 

101.7 

102.5 

6100 

6120 

T121 

1940 

1067 

1740 

29. .5 

98.4 

5840 

Phenolic-Nylon 

as  ib/ft^) 

P12B1 

P12B6 

P12B4 

2120 

2080 

1870 

636 

624 

1028 

1115 

1070 

1666 

10.0 

9.6 

29.3 

5,0 

100.40 

95.8 

97.7 

6200 

6120 

5700 

Langley  Phenolic-Nylon 
Scout  R/4B 

PLL44 

2060 

618 

1075 

9.9 

99.0 

6100 

Avcoat  5026-39 

A43 

2040 

612 

1059 

9.8 

97.9 

6050 

Tunnel  Calibration  Run 

Cl 

1950 

1010 

9.8 

98.0 

5860 

C2 

.C3 

1870 

2100 

170o!^* 

2720 

650'5> 

1040 

19.1 

32.4 

C4 

C5 

2050 

1910 

5060^2) 

.5450 

1760 

1900 

53.0 

64.0 

C6 

a 

2010 

1810 

4050' 

4740 

1990 

2330 

53.0 

63.0 

(1) 

(2) 


(3) 

(4) 

(5) 

(6) 


Cornell  transient  calorimeter,  0.3-in.  nose  radius,  hemispherical  shape,  0.090-in.  diameter  by  0  125- in 
long  OFHC  copper  slug  potted  in  0.125-in.  diameter  bore  with  insulating  cement,  Ch- Ai  thermocouple  spot 
welded  to  back  face. 

Cornell  calorimeter,  0.25-in.  nose  radius,  hemispherical  shape,  0.150-in.  diameter  by  0. 506- in.  1 ong 
OFHC  copper  slug  with  0.020-in.  long  flanges  at  each  end  for  press  fit  into  0.160-in.  diameter  bore. 
Sheathed  Ch-Al  exposed  junction  thermocouple  inserted  into  0.022-in.  diameter  hole  from  rear  of  slug  to 
within  0.020- in.  from  gage  front  face  and  gold  soldered  in  place.  Data  reduction  is  by  finite  differ¬ 
ences  scheme  on  IBM  computer. 


Identical  to  (2)  except  for  0.5- in.  nose  radius. 

Estimated  from  the  relation  furnished  by  Cbrnell:  *1  =  0.3(Hg  “  H^)  at  -  10  atm  and  q  "  0.55{H^  H^) 

at  P  =  30  atm. 

^2  n  ^  • 

Heat  flux  adjusted  to  1.25-in.  flat  face:  (1)  0.55  q^O.  6/1.  25)  *  -  0.  382  q^, 

(2)  0.55  q2(0. 5/1.25)^*^  =  0.348  ^2*  ^3)  0.55  q3{ 1. 0/1. 25)° * ^  =  0.492  q3  . 

Estimated  from  Run  Cl  and  the  relation:  q  "  0.0744 
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(7)  Facility  Th  ermodot  optical  pyrometer;  views  model  front  surface  through  rotor  tubes,  1.6  to  2.7  microns, 

(8)  Model  disintegrated  during  test. 
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APPENDIX  C 


MODEL  TEMPERATURE  DATA 


This  appendix  contains  internal  and  external  temperature  data  re¬ 
ported  by  the  participating  facilities  for  the  models  instrumented  with 
thermocouples.  The  data  were  taken  from  the  temperature  plots  reported 
by  the  facilities,  and  sufficient  data  have  been  included  to  allow  repro¬ 
duction  of  the  original  curves.  The  tunnel  operating  data  for  each  model 
may  be  obtained  by  consulting  the  appropriate  facility  data  table  and 
model  number  in  Appendix  B.  The  various  materials  are  designated  by  the 
model  prefix  letters  described  earlier. 
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Appendix  C 

MODEL  EXTERNAL  AND  INTERNAL  TEMPERATURE  DATA 


FACILITY 

MODEL 

NO. 

INITIAL 
THERMO¬ 
COUPLE 
DISTANCE 
FROM  MODEL 
FRONT  FACE 
(  in,  ) 

(1) 

THERMO¬ 

COUPLE 

TEMPERA¬ 

TURE 

RISE 

(°F) 

(2) 

TIME 
(  sec ) 

FRONT 

SURFACE 

TEMPERA¬ 

TURE 

6  =  1  (°F) 

(3) 

CHAR, 

VIRGIN 

MATERIAL 

INTERFACE 

TEMPERA¬ 

TURE 

(°F) 

(4) 

TIME  CHAR 
INTERFACE 
PASSED 
THERMO¬ 
COUPLE 
(sec) 

GDB' Ame  s 

A93 

0.113 

80 

5 

2660 

1190 

20 

370 

10 

2760 

790 

15 

2790 

1280 

20 

2830 

1680 

25 

2850 

1930 

30 

2880 

2410 

40 

2900 

0.  226 

50 

30 

800 

60 

90 

40 

170 

50 

2930 

300 

60 

2900 

450 

70 

2930 

550 

75 

0.  330 

60 

50 

80 

60 

120 

70 

MPDB-Ames 

A84 

0.104 

30 

5 

1380 

22 

170 

10 

540 

15 

1130 

20 

1590 

25 

50 

0.222 

20 

10 

1280 

75 

20 

280 

30 

630 

40 

1110 

50 

0.  305 

10 

10 

20 

20 

50 

30 

120 

40 

240 

50 

0.410 

5 

10 

20 

30 

35 

50 

MPDB-Ames 

A85 

0.  103 

20 

230 

4 

8 

2700 

3010 

1460 

16 

690 

12 

3150 

1590 

16 

3220 

2070 

20 

3280 

0.211 

10 

5 

15 

10 

50 

15 

140 

20 

0.  321 

10 

5 

15 

10 

20 

15 

120 

20 

130 

25 

0.424 

5 

5 

10 

10 

20 

15 

20 

15 

20 

20 

25 

25 

AMPD -Lan gl ey 

A90 

0.  107 

30 

4 

70 

6 

150 

8 

320 

10 

790 

12 

1420 

14 

3920 
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Appendix  C  (Continued) 


FACILITY 


AMPD“ Langley 


Aerotherm 


Giannini 


Martin 


MODEL 

NO. 

INITIAL 
THERMO¬ 
COUPLE 
DISTANCE 
FROM  MODEL 
FRONT  FACE 
( in.  ) 

(1) 

THERMO¬ 

COUPLE 

TEMPERA¬ 

TURE 

RISE 

(°F) 

(2) 

TIME 
(  sec ) 

FRONT 

SURFACE 

TEMPERA¬ 

TURE 

£  =  1  (°F) 

(3) 

CHAR. 

VIRGIN 

MATERIAL 

INTERFACE 

TEMPERA¬ 

TURE 

(°F) 

(4) 

TIME  CHAR 
INTERFACE 
PASSED 
THERMO¬ 
COUPLE 
(sec) 

A90 

0.209 

40 

6 

1900 

16.8 

70 

8 

140 

10 

270 

12 

580 

14 

0.311 

5 

5 

40 

10 

70 

.15 

0.420 

200 

20 

5 

10 

50 

20 

A98 

0.113 

100 

5 

1490 

20 

480 

10 

2810 

960 

15 

1430 

20 

2860 

1820 

25 

0.215 

40 

10 

1140 

46 

130 

20 

360 

30 

2910 

810 

40 

2950 

1400 

50 

0.313 

20 

20 

990 

72 

130 

40 

530 

60 

3170 

1310 

80 

3170 

0.424 

.  10 

20 

990 

104 

30 

40 

110 

60 

300 

80 

820 

100 

A94 

0.101 

5 

2 

1160 

14.4 

30 

5 

190 

8 

2950 

360 

10 

810 

13 

1210 

15 

3160 

1660 

18 

0.  213 

10 

10 

1070 

34 

120 

20 

290 

25 

600 

30 

3360 

1090 

35 

A95 

0.103 

30 

5 

1190 

29 

200 

10 

410 

15 

660 

20 

910 

25 

1200 

30 

0.216 

60 

20 

1060 

72 

170 

30 

330 

40 

2600 

520 

50 

730 

60 

TTTM 

0.314 

10 

20 

60 

40 

200 

60 

390 

80 

630 

100 

0.415 

10 

40 

90 

370 

120 

153 
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FACILITY 

MODEL 

INITIAL 

THERMO- 

TIME 

FRONT 

CHAR. 

TIME  CHAR 

NO. 

THERMO- 

COUPLE 

(  sec ) 

SURFACE 

VIRGIN 

INTERFACE 

COUPLE 

TEMPERA- 

TEMPERA- 

MATERIAL 

PASSED 

DISTANCE 

TUBE 

TURE 

INTERFACE 

THERMO- 

FROM  MODEL 

RISE 

e  =  I  (°F) 

TEMPERA- 

COUPL  E 
(  sec) 

FRONT  FACE 

(°F) 

TURE 

(in.  ) 

(°F) 

(1) 

(2) 

(3) 

(4) 

Space  General 

A97 

0.110 

70 

290 

5 

10 

2950 

1000 

17.5 

690 

15 

1250 

20 

3000 

1700 

25 

41.5 

0.203 

70 

15 

1050 

140 

20 

260 

25 

450 

30 

3050 

670 

35 

940 

40 

3070 

1200 

45 

3100 

50 

30 

100 

40 

250 

50 

GDB'Ames 

PLL96 

0.094 

80 

250 

5 

10 

2400 

2590 

1200 

20 

640 

15 

2690 

1170 

20 

2770 

1580 

25 

2840 

70.5 

0.226 

50 

20 

1140 

200 

40 

2990 

400 

50 

3040 

620 

60 

3020 

1140 

70 

3020 

0.  328 

60 

30 

100 

50 

110 

60 

170 

70 

0.426 

10 

30 

50 

50 

90 

90 

MPDB  “Ames 

PLL87 

0.095 

10 

50 

170 

5 

10 

15 

800 

25.5 

370 

20 

630 

25 

0.220 

10 

50 

80 

30 

130 

40 

250 

1 

0.310 

5 

10 

I 

10 

20 

I 

40 

40 

50 

25 

i  !VlPDB“Ames 

PLL89 

0. 149 

1320 

i 

12 

16 

20 

880 

24 

0.234 

5 

5 

15 

15 

0.332 

5 

5 

10 

15 

15 

1 

20 

■ 

0.438 

5 

5 

10 

15 

15 

20 

154 


Appendix  C  (Continued) 


FACILITY 


MODEL 

INITIAL 

THERMO¬ 

NO. 

THERMO¬ 

COUPLE 

COUPLE 

TEMPERA¬ 

DISTANCE 

TURE 

FROM  MODEL 

RISE 

FRONT  FACE 

(°F) 

(in.) 

(1) 

(2) 

FRONT 
SURFACE 
TEMP  ERA- 
TURE 

€  =  l  (°F) 


(3) 


AMPD "Langley 

PLL93 

0.114 

70 

no 

4 

6 

280 

8 

720 

10 

1430 

1,2 

3940 

0.198 

70 

10 

100 

15 

310 

20 

640 

22 

1280 

24 

0.314 

30 

15 

70 

20 

80 

25 

Aerotherm 

PLL97 

0.095 

50 

5 

2750 

250 

10 

650 

15 

1180 

20 

2880 

1600 

25 

0.220 

20 

10 

70 

20 

120 

30 

2900 

250 

40 

2960 

510 

50 

3050 

0.  310 

40 

20 

70 

40 

150 

60 

3130 

500 

80 

1600 

100 

0.399 

40 

20 

70 

40 

110 

60 

170 

80 

820 

100 

Gi annini 

PLL90 

0. 119 

10 

5 

3100 

180 

10 

3450 

950 

15 

3420 

1450 

20 

3580 

0.220 

15 

10 

70 

20 

130 

25  ■ 

3610 

360 

30 

3670 

960 

35 

3660 

Martin 

PLL91 

0.111 

20 

70 

5 

10 

2200 

130 

15 

180 

20 

2320 

290 

30 

1150 

40 

2460 

0.  221 

40 

20 

140 

40 

300 

60 

2560 

560 

80 

2640 

1010 

100 

2700 

0.  314 

20 

20 

50 

40 

90 

60 

160 

80 

380 

100 

0.415 

30 

40 

80 

80 

170 

120 

CHAR, 

VIRGIN 

MATERIAL 

INTERFACE 

TEMPERA¬ 

TURE 

(°F) 

(4) 

TIME  CHAR 
INTERFACE 
PASSED 
THERMO¬ 
COUPLE 
(sec) 

1400 

11.6 

1420 

24.2 

1060 

19 

980 

58 

940 

89 

1200 

16.2 

800 

33.4 

980 

35 

840 

91 

155 
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FACILITY 

MODEL 

INITIAL 

THERMO- 

TIME 

FRONT 

CHAR, 

TIME  CHAR 

NO. 

THERMO- 

COUPLE 

(sec) 

SURFACE 

VIRGIN 

INTERFACE 

COUPLE 

TEMPERA- 

TEMPERA- 

MATERIAL 

PASSED 

DISTANCE 

TURE 

TURE 

INTERFACE 

THERMO- 

FROM  MODEL 

RISE 

e  = 1  (^F) 

TEMPERA- 

COUPLE 

FRONT  FACE 

{°F) 

TURE 

(sec) 

(in.) 

(°F) 

(1) 

(2) 

(3) 

(4) 

Space  General 

PLL94 

0.  104 

50 

5 

■■ 

960 

21 

170 

10 

460 

15 

800 

20 

2900 

1170 

25 

2920 

68 

0.211 

20 

20 

1000 

• 

70 

30 

2940 

210 

40 

2960 

450 

50 

3010 

0.284 

30 

30 

50 

40 

80 

50 

GDB'Ames 

PLH98 

0.115 

30 

1.20 

5 

10 

2440 

2650 

1170 

28 

290 

15 

2740 

530 

20 

2800 

880 

25 

2840 

1360 

30 

2880 

2070 

40 

2940 

0.  212 

no 

30 

1100 

62 

240 

40 

460 

50 

2980 

850 

60 

3040 

1540 

70 

3060 

1740 

75 

0.  314 

40 

40 

70 

50 

no 

60 

200 

70 

0.431 

10 

30 

30 

50 

50 

70 

MPDB-Ames 

PLH97 

0. 115 

20 

5 

840 

30 

50 

10 

130 

15 

270 

20 

510 

25 

840 

30 

1260 

35 

0.212 

10 

10 

25 

20 

50 

30 

125 

40 

200 

50 

0.  314 

5 

10 

15 

30 

40 

50 

0.431 

2 

10 

10 

30 

25 

50 

AMPD" Langley 

PLH93 

0.114 

20 

80 

4 

6 

1540 

12.6 

210 

8 

580 

10 

1260 

12 

3940 

0.216 

5 

10 

1440 

27.6 

40 

15 

150 

20 

660 

25 

0.309 

.10 

20 

25 

25 

100 

30 

156 
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FACILITY 

MODEL 

NO. 

INITIAL 
THERMO 
COUPLE 
DISTANCE 
FROM  MODEL 
FRONT  FACE 
(in.) 

(1) 

THERMO¬ 

COUPLE 

TEMPERA¬ 

TURE 

RISE 

(°F) 

(2) 

TIME 
(  sec ) 

FRONT 

SURFACE 

TEMPERA¬ 

TURE 

e  =  1  (°F) 

(3) 

CHAR, 

VIRGIN 

MATERIAL 

INTERFACE 

TEMPERA¬ 

TURE 

(°F) 

(4) 

TIME  CHAR 
INTERFACE 
PASSED 
THERMO¬ 
COUPLE 
.  (sec) 

Giannini 

PLH90 

0.111 

10 

5 

2300 

960 

19.6  . 

110 

10 

2750 

.  360 

15 

'  2950 

870  : 

20 

3130  - 

1400 

25 

3200 

0.205 

10 

10 

40 

■  20 

90 

25 

160 

30 

.  3300  .. 

■  . 

260 

35 

3370 

Martin 

PLH91 

0.115 

90 

10 

2160 

1130 

45 

150 

15 

250 

20 

2250 

380 

25 

510 

30 

890 

40 

2380 

1280 

50 

0.211 

30 

20 

1160 

101 

140 

40 

300 

60 

2480 

590 

80 

0.313 

10 

20 

20 

40 

70 

60 

130 

80 

2560 

240 

100 

2640 

0.405 

10 

40 

40 

80 

130 

120 

Space  General 

PLH94 

0.111 

110 

970 

10 

1  5 

2750 
:  2840 

1060 

27 

520 

20 

2900 

.  c 

850 

25 

2940 

1280 

30 

.  2940 

0.211 

40 

20 

'  130 

30 

240 

40 

'  2960 

.  440 

50 

.  -2.970 

GDB" Ames 

SP96 

0.095 

50 

5  ' 

'2540 

1190 

'41.5 

170 

10 

*2540 

310. 

15 

2540 

■  490 

20 

2510 

840 

30 

2470 

1120 

40 

2430- 

1280 

50 

2400 

0.220 

100 

30 

150 

40 

200 

50 

280 

60 

.  2360 

350 

70 

■  2340 

400 

75 

0.337 

20 

30 

60 

50 

100 

70 

0.405 

10 

30 

20 

50 

50 

70 

MPDB  -Ames 

SP89 

0.120 

60 

5 

2610 

1280 

20.5 

210 

10 

2850 

520 

15 

2880 

1160 

20 

2890 

1680 

25 

2890 
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FACILITY 

MODEL 

INITIAL 

THERMO¬ 

TIME 

FRONT 

CHAR, 

TIME  CHAR 

NO. 

THERMO¬ 

COUPLE 

(  sec ) 

SURFACE 

VIRGIN 

INTERFACE 

COUPLE 

TEMPERA¬ 

TEMPERA¬ 

MATERIAL 

PASSED 

DISTANCE 

TURE 

TURE 

INTERFACE 

THERMO¬ 

FROM  MODEL 

RISE 

e  =  1  (°F) 

TEMPERA¬ 

COUPLE 

FRONT  FACE 

(°F) 

TURE 

(sec) 

(  in .  ) 

(4) 

(1) 

(2) 

(3) 

MPDB-Ames 

SP89 

5 

10 

15 

20 

75 

25 

0.311 

2 

5 

4 

15 

6 

25 

2 

5 

4 

15 

6 

25 

MPDB-Ames 

SP85 

5 

1020 

24 

210 

10 

410 

15 

680 

20 

35 

30 

40 

10 

110 

20 

240 

30 

460 

40 

740 

50 

0.325 

10 

10 

30 

30 

70 

50 

0.416 

5 

10 

10 

30 

20 

50 

AMPEF  Langley 

SP93 

0.085 

20 

1  in 

2 

4 

1580 

12.6 

6 

580 

8 

1000 

10 

1510 

12 

3600 

30.6 

0.189 

20 

10 

1440 

70 

15 

170 

20 

410 

25 

Aerotherm 

SP97 

0. 101 

100 

350 

5 

10 

2140 

2280 

15 

38 

20 

10 

1190 

50 

20 

2290 

30 

2270 

200 

40 

2260 

310 

50 

2250 

420 

60 

2240 

0.303 

20 

20 

60 

40 

140 

60 

250 

80 

330 

0.409 

20 

20 

50 

40 

100 

140 

80 

Martin 

SP91 

2230 

2290 

740 

62 

340 

30 

470 

2320 

550 

610 

2380 
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FACILITY 

MODEL 

NO. 

INITIAL 
THERMO¬ 
COUPLE 
DISTANCE 
FROM  MODEL 
FRONT  FACE 

(  in.  ) 

(1) 

THERMO¬ 

COUPLE 

TEMPERA¬ 

TURE 

RISE 

(°F) 

(2) 

TIME 

(sec) 

FRONT 

SURFACE 

TEMPERA¬ 

TURE 

6=1  (°F) 

(3) 

CHAR, 

VIRGIN 

MATERIAL 

INTERFACE 

TEMPERA¬ 

TURE 

(°F) 

(4) 

TIME  CHAR 
INTERFACE 
PASSED 
THERMO¬ 
COUPLE 
(  sec ) 

Martin 

SP91 

0.198 

40 

20 

160 

40 

320 

60 

480 

80 

2390 

0.314 

20 

40 

120 

80 

260 

120 

2400 

0.411 

10 

40 

50 

80 

120 

120 

Gi annini 

SP90 

0.099 

20 

5 

2600 

1340 

22.7 

200 

10 

2800 

500 

15 

2850 

1000 

20 

3000 

140(j 

25 

0.216 

30 

20 

100 

30 

3000 

Space  General 

SP94 

0.097 

80 

5 

2720 

1460 

33.5 

210 

10 

2800 

450 

15 

2840 

770 

20 

2870 

1070 

25 

2900 

1300 

30 

2920 

1460 

35 

2940 

0.189 

50 

20 

140 

30 

250 

40 

2950 

370 

50 

2960 

GDB  "Ame  s 

SG39 

0.091 

250 

5 

2540 

1540 

26.5 

610 

10 

2590 

1020 

15 

2600 

1410 

20 

2600 

1670 

25 

0.220 

130 

20 

270 

30 

2610 

430 

40 

2630 

590 

50 

2640 

790 

60 

2650 

980 

70 

2650 

1040 

75 

0.318 

90 

30 

150 

40 

210 

50 

300 

60 

390 

70 

0.407 

40 

30 

100 

50 

160 

70 

MPDB- Ame  s 

SG53 

0.099 

190 

5 

2680 

1240 

14 

560 

10 

2780 

1080 

15 

2840 

1620 

20 

2870 

1960 

25 

2870 

0.211 

10 

5 

35 

10 

90 

15 

190 

20 

310 

25 

0.  308 

5 

5 

30 

15 

60 

25 

0.411 

2 

5 

10 

15 

25 

25 
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MPDB-Ames 


MODEL  INITIAL 

NO.  THERMO¬ 

COUPLE 
DISTANCE 
FROM  MODEL 
FRONT  FACE 
(in.) 

(1) 


SG51  0.089 


AMPD -Lang ley 


Martin 


Space  General 


SG48 


THERMO¬ 

COUPLE 

TEMPERA¬ 

TURE 

RISE 

(°F) 


FRONT 

SURFACE 

TEMPERA¬ 

TURE 

€  =  1  (°F) 


CHAR, 

VIRGIN 

MATERIAL 

INTERFACE 

TEMPERA¬ 

TURE 

(°F) 

(4) 


TIME  CHAR 
INTERFACE 
PASSED 
THERMO¬ 
COUPLE 
(sec) 
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FACILITY 

MODEL 

INITIAL 

THERMO- 

TIME 

FRONT 

CHAR, 

TIME  CHAR 

NO. 

THERMO- 

COUPLE 

{  sec ) 

SURFACE 

VIRGIN 

INTERFACE 

COUPLE 

TEMPERA- 

TEMPERA- 

MATERIAL  . 

PASSED 

DISTANCE 

TURE 

TURE 

INTERFACE 

THERMO- 

FROM  MODEL 

RISE 

6=1  (°F) 

TEMPERA- 

COUPLE 

FRONT  FACE 

(^F) 

TURE 

(sec) 

(  in.  ) 

("F) 

(1) 

(2) 

(3) 

(4) 

Space  General 

SG48 

0.310 

50 

30 

130 

230 

Gi annini 

SG45 

0.101 

120 

5 

1300 

17.4 

500 

940 

15 

1500 

2900 

1900 

25 

0.215 

20 

150 

410 

30 

(1)  Thermocouple  distance  from  original  model  face  determined  from  X-ray  photographs. 

(2)  Thermocouple  temperature  minus  original  starting  model  temperature  at  the  time  indicated 
in  adjacent  column. 

(3)  Front  surface  temperature  measured  with  facility  optical  pyrometer  at  the  time  indicated 
in  the  preceding  column. 

(4)  Char  back  face  and  virgin  material  interface  temperature  determined  by  method  described 
in  Section  IV-C. 
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APPENDIX  D 


SUMMARY  OF  PHASE  11  CORRELATION  DATA 


This  appendix  tabulates,  by  material,  information  calculated  from 
the  data  in  Appendices  B  and  C.  This  information  was  used  in  preparing 
the  various  graphs  and  correlations  appearing  in  this  report.  Where 
multiple  runs  are  shown,  by  listing  more  than  one  model  number  on  the 
same  line,  the  values  represent  averages  of  the  available  data. 
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SUMMARY  OF  CORRELATION  DATA 
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Appendix  D  (Continued) 
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APPENDIX  E 


DIMENSIONLESS  CORRELATION  OF  PREVIOUS  DATA 


This  appendix  provides  a  dimensional  analysis  of  ablation  variables 
and  suggests  several  approaches  to  correlating  mass  loss  data.  These  ap^ 
proaches  are  used  to  interpret  data  from  the  Phase  I  round  robin  and  to 
compare  them  with  data  from  the  ablation  literature. 

A.  Dimensional  Analysis  of  Mass  Loss  Data 

The  correlation  data  given  in  Table  I  of  the  Phase  I  report^  showed 
some  interesting  similarities  between  the  power  functions  for  Teflon  and 
high-density  phenoli c -nylon.  For  each  correlation  used,  except  where  the 
exponents  were  adjusted  (see  Ref.  1,  Table  I,  Note  4),  the  exponents  on 
the  heating  rate  measured  by  the  SRI  calorimeter  were  identical  or  varied 
by  less  than  5  percent.  The  exponents  on  the  stagnation  pressure  had 
greater  spread  but  were  less  critical.  It  was  therefore  considered  that 
a  correlation  might  be  the  same  for  both  Teflon  and  high-density  phenolic- 
nylon  and  that  only  the  proportionality  constant  would  differ  because  of 
differences  in  material  parameters. 

A  dimensional  analysis  of  the  type  described  by  Buckingham was  there¬ 
fore  undertaken.  The  analysis  considered  two  types  of  variables:  those 

pertaining  to  the  model  and  those  pertaining  to  the  environment  to  which 
they  are  exposed.  The  model  variables  include: 

m^  =  total  mass  loss  rate — Ib/ft^  sec 
^eff  “  effective  radius  of  curvature — ft 

=  overall  heat  of  decomposition  required  to  convert 

the  original  abalation  material  to  gaseous  end  prod¬ 
ucts — Btu/lb 


♦ 


The  abbreviation  lb  will  always  be  used  to  designate  pound  mass  but  pound  force  when  combined  with 
the  word  “ force .  " 
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The  environmental  variables  are: 


=  cold  wall  heat  transfer  rate — Btu/ft^  sec 

P  =  model  stagnation  pressure — atm 
2 

Ah  =  enthalpy  potential;  stream  enthalpy  minus 
cold  wall  enthalpy — Btu/lb 

=  proportionality  constant  in  Fay-Riddell 
relation,  see  equation  (5) — ft ^ ^  sec 
atm  ^ '  ^/Ib 

This  last  variable  is  shown  by  Fay-Riddell^  to  be  given  by  the  fluid 
properties  of  the  gas  stream,  as  follows: 


S 


B 


(E-1) 


where  p,  and  pi  are  pressure,  density,  and  viscosity,  respectively; 

the  subscripts  c,  s,  and  oo  denote  front  edge  of  char  layer,  front  edge 
of  boundary  layer,  and  free  stream,  respectively;  and 

=  [1  +  (N0;52  ^  i)(Hj^/hJ]  (E-2) 

Here  and  Np^  are  the  Lewis  and  Prandtl  numbers  for  the  gas,  Hp  is 

the  heat  of  dissociation  (and  ionization),  and  h^  is  the  stagnation 
enthalpy  of  the  gas.  For  the  fluid  properties  of  air  under  the  usual 
range  of  reentry  conditions,  the  numerical  value  of  =  24( = 1/0 . 0417 ) . 

The  term  AH^  is  actually  an  average  expression  of  all  the  thermal 
and  chemical  parameters  describing  the  pyrolysis  of  each  specific 
ablating  material.  As  such  it  includes,  in  a  complex  manner,  such  vari¬ 
ables  as  char  and  virgin  polymer  density,  thermal  conductivity,  specific 
heat,  heats  of  pyrolysis,  thermal  properties  of  the  gas  products,  etc. 

The  above  model  and  environmental  variables  must  next  be  expressed 
in  terms  of  as  few  dimensions  as  possible,  e.g.,  mass,  length,  and  time. 
This  can  be  done  by  using  the  appropriate  conversion  factors,  as  follows 
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VARIABLE 

UNITS 

CONVERTED 

VARIABLE 

CONVERTED 

UNITS 

sec 

Ib/ft ^  sec 

^eff 

ft 

^eff 

ft 

Btu/ lb 

0,2  /  2 

It  /sec 

‘Jew 

Btu/ft^  sec 

^CW‘^m^c 

lb/ sec^ 

atm 

^t2^pgc 

lb/ ft  sec^ 

Ah 

Btu/lb 

AhJ  e 
m^c 

ftVsec^ 

^R 

ft  ^  ^  sec  atm^ ‘ lb 

SRFpgc 

ftVlb 

where 

=  32.17  lb  ft/lb  force  sec^ 

J  =  778  lb  force  ft/Btu 

m 

F  =  2116  lb  force/ft^  atm  (E-3A) 

p 

For  convenience  these  conversion  factors  can  be  combined  as 

K  =  (Jg)^*VFg  =  2.  325  X  10^^  ft^  atm  sec/lb^- 5  Btu°*  ^  (E-3B) 

According  to  the  Rayleigh  rule,  these  seven  dimensional  variables 
(the  conversion  constants  do  not  count)  can  be  combined  into  four  dimen¬ 
sionless  groups  (number  of  variables,  7,  minus  number  of  dimensions,  3). 
The  most  convenient  forms  of  these  were  found  to  be 


77 

m 

=  mp(SR)^R,ff/(AHD)°'' 

(E-4) 

q 

=  ‘Icw^  f  fA  AHjj)  K 

(E-5) 

77 

P 

=  P./S,)2R^„/AH,(K)2 

(E-6) 

”  'ieW^R^  f  f  A  ■  ^/Ah(P  t  )  °  ■ 

(E-7) 

The  last  dimensionless  group  is  actually  the  Fay-Riddell  relation  when 
77^  is  unity.  Thus,  this  group  is  equal  to  unity  under  supersonic  flow 
conditions . 
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Using  the  same  type  of  power  function  as  that  used  in  the  correlations 
in  the  Phase  I  report^,  a  simple  relation  between  these  groups  is 

7T  =  a.77^77'^77®  (  E- 8  ) 

m  0  q  p  I 

Under  supersonic  conditions  this  reduces  to 

77  =  (E-9) 

m  0  q  p 

Expansion  of  (E-9)  in  dimensional  terms  leads  to 

=  ao(S2R^^f)"  +  '"-l(AHp)(l-3n-2m)/2(K)l-n-2,n(  )  n, 

^  (E-10) 

For  constant  effective  radius*  and  material,  this  reduces  to 

with 

Equation  (E-11)  is  identical  to  the  correlation  given  in  Equation  (22) 
of  the  Phase  I  Report.  ^  Therefore,  the  data  from  that  report  can  be  used 
in  the  dimensional  correlation. 

B.  Interpretation  of  Results  for  High -Density  Ablation  Materials 

1.  Combined  Correlation  for  Teflon  and  Phenolic-Nylon 

The  similarity  between  the  values  of  n  for  the  Teflon  and  phenolic- 
nylon  correlations  in  the  Phase  I  report  led  to  an  attempt  to  combine 
these  data  into  a  single  correlation.  This  required  a  two-step  process 
which  was  iteratively  performed  on  a  computer.  First,  values  of  n  and 
m  were  assumed.  The  calculated  values  for  the  SRI  calorimeter  (cold  wall 
heating  rate),  and  including  Giannini  and  Martin  data,  were  from  the 
Phase  I  correlation 


*  The  value  of  R  for  the  Phase  I  round  robin  was  0,172  ft. 
ei  I 
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TEFLON 

n  0.57 

m  0.25 

a  0.0060 

In  the  first  step,  the  average  values  of  n  and  m  were  used  in  the 
regression  program  to  calculate  the  value  of  “a^^  in  Equation  (E-11)  for 
the  form  showing  the  highest  multiple  correlation  coefficient  for  the 
Teflon  data;  similarly  the  best  value  of  ‘‘a’’  for  the  phenol ic - nyl on  data 
was  calculated.  For  models  of  the  same  effective  radius,  Equation  (E-12) 
shows  that 

(a)p/{a)^  =  [(AHp)p/(AHp)^]^^"3n^2m)/2 

Based  on  Chapman’s  work^,  the  heat  of  decomposition,  AHj^,  for  Teflon  was 

taken  to  be  940  Btu/lb.  Equation  (E-13)  then  permitted  calculation  of 
(AHd  )  p  f  rom  t  he  twovaluesof‘‘a”. 

In  the  second  step,  the  values  of  77  ,  tt  ,  and  77  were  calculated  for 

m  '  q  '  p 

both  Teflon  and  phenolic-nylon,  using  the  appropriate  values  of  AH^,  and 
the  regression  program  was  used  to  calculate  new  values  of  n  and  m,  and 
also  a^  for  the  combined  data.  If  these  values  of  n  and  m  were  those 
initially  assumed,  the  iteration  was  stopped;  otherwise  these  were  used 
as  the  new  input  to  the  first  step  of  the  program. 

The  results  of  the  completed  iteration  were 

n  =  0.54,  m  =  0.19,  a^  =  1.01 

AHq  =  940  Btu/lb  for  Teflon  (assumed) 

AHp  -  6470  Btu/lb  for  phenoli c- nylon 


PHENOLIC 

NYLON 

0.  55 
0.13 
0.0018 


AVERAGE 

0.56 

0.19 


The  last  value  is  intermediate  to  the  range  of  theoretical  values  (4300 
to  7300  Btu/lb)  quoted  by  Wick^l 

Thus,  for  the  Phase  I  round-robin  data,  the  correlation  obtained  by 
the  regression  program,  namely, 

77^  =  1.01  (E-14) 
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showed  a  standard  deviation  of  10.7  percent.  The  data  include  that  from 
Giannini  and  Martin*  but  exclude  runs  in  which  the  heating  load  (heating 
rate  multiplied  by  the  run  duration)  was  less  than  2000  Btu/ft^  for  Teflon 
and  4000  Btu/ft^  for  high-density  phenol ic -nyl on.  These  exclusions  were 
made  to  minimize  the  use  of  data  from  the  pres teady- state  period  of  the 
runs.  A  plot  of  the  correlation,  with  the  standard  deviation  indicated, 
is  shown  in  Fig.  E-1.  The  range  of  variables  covered  was  as  follows: 

0.0129-0.218  Ib/ft^  sec  for  Teflon 
0.00699-0.0547  Ib/ft^  sec  for  phenoli c- nylon 
=  36-726  Btu/ft^  sec 

=  0.0066-  1.18  atm 

1215-14,960  Btu/lb 

dimensional  variables  was 
7T^  =  3.70-  303,  7Tq  =  3.03-  1070,  tt^  =  15.3-  23,000 

Thus,  the  correlation,  which  compares  with  ('^^n^calc'  covers  nearly 

a  hundredfold  range. 

The  Phase  I  round  robin  had  only  one  set  of  subsonic  data,  that  from 
Manned  Spacecraft  Center— NASA,  and  the  Fay-Riddell  group,  which  was 

calculated  using  the  measured  enthalpy,  had  values  ranging  from  only  0.45 
to  0.73.  For  this  reason  no  attempt  was  made  to  determine  the  value  of 
s  in  Equation  (E-8).  In  fact  there  is  no  evidence  that  this  is  the  form 
in  which  tt ^  should  be  used  in  the  correlation.  Any  form  involving  u ^ 
which  reduces  to  Equation  (E-9)  when  77^  equals  unity  is  possible. 


^SRI 
C  W 

P 


Ah 


The  range  of 


2.  Separate  Correlation  for  Teflon  and  Pheno 1 i c -Ny 1  on 


An  alternative  approach  is  to  use  the  average  values  of  n  and  m  and 
the  resultant  values  of  (AHp)p  and  a^  from  the  first  step  of  the  i tera tion . 


In  this  case  the  results  are 

n  =  0.56  (assumed),  m  =  0.19  (assumed,  a^  =  0.93 

AHp  =  940  Btu/lb  for  Teflon  (assumed) 

AHq  =  6040  Btu/lb  for  pheno li c - nylon 


* 

The  value  of  was  not  reported  by  these  two 

CW 


facilities  but  was  estimated  from  their  calibration  runs. 
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Using  the  same  data  as  for  Equation  (E-14)  the  correlation 


77  =  0.93  (E-15) 

m  4  P 


has  a  standard  deviation  of  10.9  percent. 


This  implies  that  there 

may  be  a 

number  of 

sets  of  n 

,  rn,  (AHp)p, 

and  Uq  values  having  only  si 

ightly  hi 

gher  percent  standard  deviations 

than  those  shown  for  the  correlation 

in  Equation 

(E-14). 

Calculations 

in  which  n  and  m  were  varied 

by  ±0.05 

and  (A'Hq)p 

by  ±1500 

Btu/lb  showed 

that  the  standard  deviation 

increased 

only  a  few 

percent . 

Typical  resu 

are  given  below  for  calculations  base 

d  on  simple 

values  o 

f  n  and  m. 

SET  1 

SET  2 

SET  3 

SET  4 

n  (assumed) 

0.5 

0.  54 

0.56 

0.6 

m  ( assumed) 

0.25 

0.  19 

0.  19 

0.15 

Uq  (obtained  by 
iteration) 

0.87 

1.01 

0.93 

0.88 

(AHp)p  (obtained  by 
iteration ) 

8390 

6470 

6040 

6900 

Percent  standard 

13.  1 

10.7 

10.9 

12.  1 

deviation  (calculated) 


It  is  apparent  therefore  that  an  independent  source  for  the  value  of 
the  overall  heat  of  decomposition,  would  eliminate  the  iterative  proc¬ 

ess  and  wou id  permit  more  accurate  values  for  a^  and  percent  standard 
deviation  to  be  obtained.  In  addition,  it  is  not  certain  that  the  Teflon 
and  high-density  phenol ic -nylon  data  should  be  forced  into  the  same  cor¬ 
relation.  If  they  should  not  be  combined,  then  it  is  not  so  important 
that  the  value  of  be  known  since  Equation  (E-10),  which  is  based  on 

the  same  dimensional  analysis,  can  be  written  as 


178 


and  with  “a”  defined  as  in  Equation  {E-12).  Thus,  the  constant  b  will  be 
specific  for  each  material,  although  its  numerical  value  will  depend  on 
the  units  used  for  m  ,  f  f ,  qcw>  values  of  n  and  m 

found  for  that  material .  .  Therefore,  from  the  Phase  I  round  robin  the  values 
of  “a”,  n,  and  m  are  those  already  tabulated  preceding  Equation  (E-13). 

For  tTij.  in  Ib/ft^  sec,  q^^,  in  Btu/ft^  sec,  and  in  atm,  the  numerical 

values  of  b  are 

(b)^  =  0.0044  lb  ft"®-®®  sec"'’-^^  Btu"®-”  atm"°'“ 

(b)p  =  0.0010  lb  ft'°-^®  sec"®-*^  Btu"®-“  atm"®'^^ 

Thus,  the  mass  loss  rates  for  Teflon  and  high-density  phenolic-nylon 
become 


=  0.0044 

(Reff)"”- 

l«(qcw  )0.57(P  )0.25 

(E-18A) 

SRI 

=  0.0010 

)0.55(p  )0.13 

(E-18B) 

SRI 

Another  form  of  these  relations  is 


f^T 


0.0044(qcw 

SRI 


0.25 


(E-19A) 


0.0010  (qc«  Reff)“-''(Pt  Reff> 
SRI 


0  .13 


(E-19B) 


These  dimensionally  valid  equations,  as  well  as  the  dimensionless 
correlation  combining  the  data  for  the  two  materials,  can  be  checked 
with  the  results  from  Phase  II;  this  is  done  in  Sec.  IV-B. 
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C.  Inclusion  of  Literature  Data 

The  open  literature  on  supersonic  arc-jet  testing  was  reviewed  to 
locate  ablation  data  on  Teflon  and  high-density  pheno 1 i c - ny 1  on .  A  major 
requirement  was  that  mass  loss  rate,  cold  wall  heating  rate,*  stagnation 
pressure,  and  effective  radius  either  be  directly  tabulated  or  capable  of 
being  calculated  from  other  tabulated  data.  In  addition,  the  compos i t i on 
of  the  materials  had  to  be  nearly  identical  to  those  used  in  the  round 
robin. 

The  applicable  data  and  their  sources  are  given  in  Table  E-1.  These 
data  were  converted  into  the  dimensionless  form  of  Equation  (E-14).  A 
plot  of  this  correlation  is  given  in  Fig.  E-2  which  can  be  compared 
directly  with  Fig.  E-1.  As  can  be  seen,  only  the  Walberg  data  on  phenolic- 
nylon  models  do  not  fit  the  correlation,  this  will  be  considered  in  more 
detail  in  Sec.  IV-B.  Excluding  the  Walberg  data,  the  standard  deviation 
for  the  literature  data  is  9.6  percent.  Combined  with  the  round-robin  data 
the  overall  standard  deviation  is  10.3  percent.  The  range  of  variables 
covered  was 


.  1 

[  0.0132-1. 22  Ib/ft^  sec 

for  Teflon 

[  0.0233-0. 596  Ib/ft^  sec 

for  phenol i c- nylon 

‘lew 

21.6-3000  Btu/ft^  sec 

0.00 30 -33.0  atm 

Ah 

m  e  a  s 

420-7470  Btu/lb 

R'  = 

e  f  f 

0.0156-0. 55  ft 

The  dimensionless  variables  had  a  range  of 

77  =  2.24  -  1130,  77  =  1.47  -  2510,  tt  ^  =  37.1  -  1,260,000 

m  q  P 

For  the  literature  data  the  correlation,  which  compares  ('^j^^obs  ^^^^h 
(77^)cgic»  has  nearly  a  five  hundredfold  range.  In  combining  the  round- 
robin  and  literature  data,  the  range  of  variables  was 

r  94.  5- fold  for  Tel fon  P,  =  11,000-fold 

1^85. 2-fold  for  phenolic-nylon  ^^meas  "  35.7-fold 

q^w  =  139- fold  =  35. 3- fold 

The  heating  rate  must  be  that  measured,  or  calculated,  for  a  calorimeter  having  the  same  shape  and 
dimensions  as  the  model  used. 
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Table  E- I  (Continued) 
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